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quantiﬁed (n = 20). Values are means ± S.D. . . . . . . . . . . . . . . . . 138
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6.1 Quantiﬁcation of Akt T308 and pan Akt signal intensity by In-Cell Western of
hMSCs on diﬀerently shaped ﬁbronectin micropatterns with 1350 µm2 surface
area after 24 hours. Results displayed as ratio of Akt T308 over pan Akt ratio
relative to circular shaped cells. Cells were treated with Y27632, cytochalasin
D, Rapamycin, Filipin III, methyl-β-cyclodextrin, Wortmannin, LY294002 or
MK2206 for 24 hours. Values are means± S.D of three independent experiments
performed in duplicate. * equals ρ < 0.05 and ** equals ρ < 0.01 according to
one-way ANOVA analysis followed by Turkey and Bonferoni Post-Hoc tests. . . 143
6.2 Western blots of cell lysates of hMSCs on triangular or circular shaped ﬁ-
bronectin micropatterns with 1350 µm2 surface area after 24 hours using T308
phosphorylated Akt, pan Akt as well as GAPDH antibodies. Lysates of non-
patterned hMSC incubated for 24 hours were used as a control. . . . . . . . . 144
6.3 Akt T308 phosphorylation level of cell micropatterns stabely transfected with
adPI3K construct with enhanced PI3K activity. Quantiﬁcation of Akt T308
and pan Akt signal intensity by ICW of hMSCs stabely transfected with either
adGFP or adPI3K on diﬀerently shaped ﬁbronectin micropatterns with 1350
µm2 surface area after 24 hours. Results displayed as ratio of Akt T308 over
pan Akt ratio relative to circular shaped cells. Values are means ± S.D of three
independent experiments performed in duplicate. * equals ρ < 0.05 and **
equals ρ < 0.01 according to one-way ANOVA analysis followed by Turkey and
Bonferoni Post-Hoc tests. . . . . . . . . . . . . . . . . . . . . . . . . . . 147
6.4 Akt T308 phosphorylation level of cell micropatterns treated with Src inhibitor
Dasatinib. hMSC were seeded on polystyrene ﬁbronectin micropatterns with
1350 µm2 surface area and incubated for 24 hours in presence of 100nM Dasa-
tinib before being ﬁxed and immunolabelled for pan Akt and subsequently anal-
ysed by TIRF microscopy. Results displayed as ratio of Akt T308 over pan Akt
ratio relative to circular shaped cells. Values are means ± S.D of one experiment
performed in duplicate. . . . . . . . . . . . . . . . . . . . . . . . . . . 148
6.5 Representative TIRF images of Akt on the substrate facing plasma membrane
of hMSCs micropatterns. hMSC were seeded on glass ﬁbronectin micropatterns
with 1350 µm2 surface area and incubated for 24 hours before being ﬁxed and
immunolabelled for pan Akt and subsequently analysed by TIRF microscopy.
Bar = 20µm. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 149
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6.6 Quantiﬁcation of TIRF analysis of Akt on the substrate facing plasma mem-
brane of hMSCs micropatterns. hMSC were seeded on glass ﬁbronectin mi-
cropatterns with 1350 µm2 surface area and incubated for 24 hours before be-
ing ﬁxed and immunolabelled for pan Akt and subsequently analysed by TIRF
microscopy. Results represent quantiﬁcation of background substracted signal
intensity average of the total cell spreading area of 60 hMSCs per shape from
3 independent experiments. Box plot shows complete data range, bottom and
top of box represents 25% 75%, *** equals ρ < 0.001, ** equals ρ < 0.01. . . 150
6.7 Relative eﬀect of contractility, lipid rafts as well as Akt signalling inhibition
on cell geometry-dependent diﬀerentiation. hMSC were seeded on ﬁbronectin
micropatterns with 1350 µm2 surface area and incubated for 7 days in mixed
adipogenic and osteogenic diﬀerentiation medium (1:1 mix) in presence of var-
ious chemical inhibitors before being ﬁxed and co-stained for lipid vaculoes
(adipogenic marker) and alkaline phosphatase (osteogenic marker). Subsequent
analysis was based on a colour deconvolution algorithm and binarization as de-
scribed in Chapter 3. Values are presented as relative changes to non-treated
cells. Lipid rafts inhibitors (ﬁlipin III and methyl-β-cyclodextrin), cell contrac-
tility inhibitors (Y27632 and cytochalasin D), PI3K inhibitors (Wortmannin and
LY294002), direct allosteric inhibitor of Akt (MK2206) and mTOR inhibitor
(rapamycin) were used. Values are means ± S.D of 3 independent experiments
performed in duplicate. * equals ρ < 0.05 and ** equals ρ < 0.01 according to
one-way ANOVA analysis followed by Turkey and Bonferoni Post-Hoc tests. . . 154
6.8 Quantiﬁcation of diﬀerentiation of micropatterned hMSCs stably transfected
with over expressing PI3K. Transfected hMSCs were seeded on polystyrene
ﬁbronectin micropatterns with 1350 µm2 surface area and incubated for 7 days
in mixed adipogenic and osteogenic diﬀerentiation medium (1:1 mix) before
being ﬁxed and co-stained for lipid vaculoes (adipogenic marker) and alkaline
phosphatase (osteogenic marker). Subsequent analysis was based on a colour
deconvolution algorithm and binarization as described in Chapter 3. hMSCs
stabely transfected with GFP were used as a control. Values are means ± S.D of
3 independent experiments performed in duplicate. ** equals ρ < 0.01 according
to one-way ANOVA analysis followed by Turkey and Bonferoni Post-Hoc tests. 155
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6.9 Quantiﬁcation of diﬀerentiation of hMSCs incubated on ﬁbronectin micropat-
terns with 1350 µm2 surface area in mixed adipogenic and osteogenic diﬀeren-
tiation medium (1:1 mix) for 7 days in presence ofDasatinib before being ﬁxed
and co-stained for lipid vaculoes (adipogenic marker) and alkaline phosphatase
(osteogenic marker). Subsequent analysis was based on a colour deconvolution
algorithm and binarization as described in Chapter 3. in the presence of a 1:1
mix of adipogenic and osteogenic medium compared to untreated control. Val-
ues are means ± S.D of 3 independent experiments performed in duplicate. *
equals ρ < 0.05 and ** equals ρ < 0.01 according to one-way ANOVA analysis
followed by Turkey and Bonferoni Post-Hoc tests. . . . . . . . . . . . . . . 156
7.1 Quantiﬁed ICW of hMSCs incubated on triangular, square or circular shaped
ﬁbronectin micropatterns with 1350 µm2 surface area in mixed adipogenic and
osteogenic diﬀerentation medium for 7 days in presence of various chemical
inhibitors. Samples were ﬁxed and subsequently co-stained for PPARγ and
RunX2. Results are displayed as ratio of PPARγ versus RunX2 relative to cir-
cular cells indicating preferred adipogenic over osteogenic lineage commitment.
Values are means ± S.D of 3 independent experiments performed in duplicate.
* equals ρ < 0.01, ** equals ρ < 0.01 according to one-way ANOVA analysis
followed by Turkey and Bonferoni Post-Hoc tests. . . . . . . . . . . . . . . 162
7.2 Quantiﬁed ICW of hMSCs incubated on triangular, square or circular shaped
ﬁbronectin micropatterns with 1350 µm2 surface area in growth medium for 7
days in presence of various chemical inhibitors. Samples were ﬁxed and sub-
sequently co-stained for PPARγ and RunX2. Results are displayed as ratio of
PPARγ versus RunX2 relative to circular cells indicating preferred adipogenic
over osteogenic lineage commitment. Values are means ± S.D of 3 independent
experiments performed in duplicate. * equals ρ < 0.05 according to one-way
ANOVA analysis followed by Turkey and Bonferoni Post-Hoc tests. . . . . . . 164
7.3 Quantiﬁed ICW of hMSCs incubated on triangular, square or circular shaped
ﬁbronectin micropatterns with 1350 µm2 surface area in DMEM medium with
10% FBS for 7 days and subsequently co-stained for PPARγ and RunX2. Re-
sults are displayed as ratio of PPARγ versus RunX2 relative to circular cells
indicating preferred adipogenic over osteogenic lineage commitment. Values are
means ± S.D of one experiment performed in duplicate. . . . . . . . . . . . 165
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7.4 Quantiﬁed ICW of hMSCs incubated on triangular, square or circular shaped
ﬁbronectin micropatterns with 1350 µm2 surface area ingrowth medium for 21
days and subsequently co-stained for PPARγ and RunX2. Results are displayed
as ratio of PPARγ versus RunX2 relative to circular cells indicating preferred
adipogenic over osteogenic lineage commitment. Values are means ± S.D of 1
independent experiment performed in duplicate. . . . . . . . . . . . . . . 166
7.5 Representative brightﬁeld and immunoﬂuorescence images of micropatterned
single hMSCs incubated in growth medium stained for DAPI (blue), PPARγ
(green) and RunX2 F-actin (red) after 7 days incubation. Bar = 20µm. . . . 168
7.6 Representative brightﬁeld and immunoﬂuorescence images of micropatterned
single hMSCs incubated in diﬀerentiation medium stained for DAPI (blue),
PPARγ (green) and RunX2 F-actin (red) after 7 days incubation. Bar = 20µm. 169
7.7 Immunoﬂuorescence intensity quantiﬁcation of hMSCs incubated on triangu-
lar, square or circular shaped ﬁbronectin micropatterns with 1350 µm2 sur-
face area in either mixed adiopogenic and osteogenic diﬀerentiation medium
or growth medium. After 7 days cells were ﬁxed and subsequently co-stained
for PPARγ and RunX2. Total PPARγ versus RunX2 ﬂuorescence signal inten-
sity was measured as an indication of adipogenic lineage commitment. Results
display quantiﬁcation of > 50 micropattered single hMSCs.Values are means
± S.D of 2 independent experiments performed in duplicate. ** equals ρ <
0.01 according to one-way ANOVA analysis followed by Turkey and Bonferoni
Post-Hoc tests. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 170
7.8 Immunoﬂuorescence intensity quantiﬁcation of hMSCs incubated on triangular,
square or circular shaped ﬁbronectin micropatterns with 1350 µm2 surface area
in either mixed adiopogenic and osteogenic diﬀerentiation medium or growth
medium. After 7 days cells were ﬁxed and subsequently co-stained for PPARγ
and RunX2. Nuclear versus cytosolic PPARγ and RunX2 was measured as an
indication of nuclear translocation and activity as transcription factors of >
50 micropattered single hMSCs incubated in either growth or diﬀerentiation
conditions for 7 days and subsequently stained for PPARγ and RunX2. Values
are means ± S.D of 2 independent experiments performed in duplicate. * equals
ρ < 0.05, ** equals ρ < 0.01 and *** equals ρ < 0.001 according to one-way
ANOVA analysis followed by Turkey and Bonferoni Post-Hoc tests. . . . . . . 171
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7.9 Immunoﬂuorescence intensity heat maps of > 30 single hMSCs (n = 30) incu-
bated on triangular, square or circular shaped ﬁbronectin micropatterns with
1350 µm2 in either mixed adipogenic and osteogenic diﬀerentiation medium
or growth medium for 7 days. Cells were ﬁxed and subsequently stained for
PPARγ and RunX2. Higher PPARγ and RunX2 signal intensity is represented
by brighter colours. Heatmap was based on raw images. . . . . . . . . . . . 172
7.10 Eﬀect of cell geometry on osteogenic hMSC diﬀerentiation in presence or ab-
sence of soluble cues based on alkaline phosphatase marker. Quantiﬁcation of
the signal intensity of > 50 single hMSCs (n = 30) on triangular, square or
circular shaped ﬁbronectin micropatterns with 1350 µm2 in either mixed adi-
pogenic and osteogenic diﬀerentiation medium or growth medium for 7 days.
Cells were ﬁxed subsequently stained for alkaline phosphatase. Values are means
± S.D of 2 independent experiments performed in duplicate. *** equals ρ <
0.001 according to one-way ANOVA analysis followed by Turkey and Bonferoni
Post-Hoc tests. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 173
7.11 Representative confocal microscopy images of hMSCs incubated on triangular,
square or circular shaped ﬁbronectin micropatterns with 1350 µm2 surface area
in growth medium. Cells were ﬁxed after 24 hours and subsequently co-stained
for DAPI and β-catenin. Images are projections of whole cell z-stacks. Scale
bar = 20μm . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 176
7.12 Quantiﬁcation of nuclear versus cytosolic β-catenin signal intensity of hMSCs
incubated on triangular, square or circular shaped ﬁbronectin micropatterns
with 1350 µm2 surface area in growth medium for 24 hours subsequently stained
for DAPI and β-catenin. On the left, illustration of image quantiﬁcation based
on z-projected confocal stacks. On the right, box plot showing 50 cells from
three independent experiments per condition (n = 50). * equals ρ < 0.05 and
** equals ρ < 0.01 according to one-way ANOVA analysis followed by Turkey
and Bonferoni Post-Hoc tests. . . . . . . . . . . . . . . . . . . . . . . . . 177
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7.13 Additional data of nuclear versus cytosolic β-catenin signal intensity analysis
based on confocal microscopy. (a) representative images of nuclear versus cy-
tosolic β-catenin signal intensity that were quantiﬁed in Fig. 7.12for illustration
purposes (b) Quantiﬁcation of nuclear size of hMSCs incubated on triangular,
square or circular shaped ﬁbronectin micropatterns with 1350 µm2 surface area
in growth medium for 24 hours and subsquently stained for DAPI. Quantiﬁ-
cation was based on area of DAPI signal measured in z-projections of image
stacks obtained by confocal microscopy. (c) nuclear area was plotted against
nuclear versus cytosolic β-catenin signal intensity in order to analyse a potential
correlation. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 178
7.14 Immunoﬂuorescence microscopy based quantiﬁcation of hMSCs on ﬁbronectin
micropatterns with 3500 µm2, 1350 µm2 and 950 µm2 microisland sizes and
triangular, square or circular shapes stained for β-catenin and DAPI after 24
hours incubation. Results display quantiﬁcation of nuclear versus β-catenin
intensity of > 50 hMSC micropatterns (n = 50) incubated in growth medium for
24 hours as an indication of nuclear translocation and activity as transcription
factors. VValues are means ± S.D of 3 independent experiments performed in
duplicate. ** equals ρ < 0.01 according to one-way ANOVA analysis followed
by Turkey and Bonferoni Post-Hoc tests. . . . . . . . . . . . . . . . . . . 179
7.15 Nuclear versus cytosolic immunoﬂuorescence intensity histograms of results
shown in Fig. 7.14. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 180
7.16 Immunoﬂuorescence intensity quantiﬁcation of hMSCs on collagen I micropat-
terns with 3500 µm2, 1350 µm2 and 950 µm2 microisland sizes and triangular,
square or circular shapes stained for β-catenin after 24 hours incubation. Re-
sults display quantiﬁcation of nuclear versus β-catenin intensity of > 50 hMSC
micropatterns (n = 50) incubated in growth medium for 24 hours as an indi-
cation of nuclear translocation and activity as transcription factors. Values are
means ± S.D of 3 independent experiments performed in duplicate. ** equals ρ
< 0.01 according to one-way ANOVA analysis followed by Turkey and Bonferoni
Post-Hoc tests. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 181
7.17 Nuclear versus cytosolic immunoﬂuorescence intensity histograms of results
shown in Fig.7.16. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 182
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7.18 Eﬀect of the diﬀerent matrix proteins collagen I (Col I) vs. ﬁbronectin (FN) on
nuclear over cytosolic β-catenin in non-micropatterned hMSCs assessed by Im-
munoﬂuorescence intensity quantiﬁcation. (a) Average of the ratio of β-catenin
intensity in the nucleus vs. cytoplasm of hMSCs on ﬁbronectin or collagen I
coated polystyrene after 24 hours incubation in growth medium as an indication
of β-catenin activation. Values are means ± S.D of 3 independent experiments
performed in duplicate. ** equals ρ < 0.01 according to one-way ANOVA anal-
ysis followed by Turkey and Bonferoni Post-Hoc tests. (b) Distribution of all
cells quantiﬁed for each data point (frequency count). Values are means ± S.D.
All experiments show representative results of three independent experiments
performed in duplicate. . . . . . . . . . . . . . . . . . . . . . . . . . . . 183
7.19 Immunoﬂuorescence intensity heat maps of > 30 single hMSCs (n = 30) incu-
bated on triangular, square or circular shaped ﬁbronectin micropatterns with
1350 µm2 in growth medium for 2 hours or 24 hours after cell adhesion. Cells
were ﬁxed and subsequently stained for β-catenin and DAPI. Higher β-catenin
signal intensity is represented by brighter colours. Images used for 2 hour time
point were processed in order to highlight subcellular diﬀerences. Raw images
were used for the 24 hour timepoint. . . . . . . . . . . . . . . . . . . . . 184
7.20 Immunoﬂuorescence intensity quantiﬁcation of > 50 single hMSCs (n = 50)
incubated on triangular, square or circular shaped ﬁbronectin micropatterns
with 1350 µm2 in growth medium for 2 hours, 6 hours or 24 hours. Cells
were ﬁxed and subsequently stained for β-catenin and DAPI. Results display
quantiﬁcation of nuclear versus β-catenin intensity as an indication of nuclear
translocation and activity as transcription factors. VValues are means ± S.D of
3 independent experiments performed in duplicate. ** equals ρ < 0.01 according
to one-way ANOVA analysis followed by Turkey and Bonferoni Post-Hoc tests. 185
7.21 Quantiﬁed ICW of hMSCs incubated on triangular, square or circular shaped
ﬁbronectin micropatterns with 1350 µm2 surface area in growth medium for 24
hours in presence of various chemical inhibitors. Samples were ﬁxed and subse-
quently co-stained for active-β-catenin (ABC) and pan-β-catenin. Results are
displayed as ratio of active-β-catenin (ABC) over pan-β-catenin relative to cir-
cular cells indicating preferred adipogenic over osteogenic lineage commitment.
Values are means ± S.D of 3 independent experiments performed in duplicate.
* equals ρ < 0.05 *** equals ρ < 0.001 according to one-way ANOVA analysis
followed by Turkey and Bonferoni Post-Hoc tests. . . . . . . . . . . . . . . 188
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7.22 Quantiﬁed ICW of hMSCs incubated on triangular, square or circular shaped
ﬁbronectin micropatterns with 1350 µm2 surface area in growth medium for 24
hours and subsquently co-stained for pan-β-catenin and DNA. Values are means
± S.D of one independent experiment. . . . . . . . . . . . . . . . . . . . . 189
7.23 Immunoﬂuorescence microscopy based quantiﬁcation of hMSCs on triangular,
square or circular shaped ﬁbronectin micropatterns with 1350 µm2 microisland
sizes co-stained for β-catenin and DAPI after 24 hours incubation in presence
or absence of Y27632. Results display quantiﬁcation of nuclear versus β-catenin
intensity of > 50 hMSC micropatterns (n = 50) incubated in growth medium for
24 hours as an indication of nuclear translocation and activity as transcription
factors. Values are means ± S.D of 3 independent experiments performed in
duplicate. ** equals ρ < 0.01 according to one-way ANOVA analysis followed
by Turkey and Bonferoni Post-Hoc tests. . . . . . . . . . . . . . . . . . . 190
7.24 Immunoﬂuorescence microscopy based quantiﬁcation of hMSCs on triangular,
square or circular shaped ﬁbronectin micropatterns with 1350 µm2 microisland
sizes co-stained for β-catenin and DAPI after 24 hours incubation in presence
or absence of Cyclodextrin. Results display quantiﬁcation of nuclear versus β-
catenin intensity of > 50 hMSC micropatterns (n = 50) incubated in growth
medium for 24 hours as an indication of nuclear translocation and activity as
transcription factors. Values are means ± S.D of 3 independent experiments
performed in duplicate. ** equals ρ < 0.01 according to one-way ANOVA
analysis followed by Turkey and Bonferoni Post-Hoc tests. . . . . . . . . . . 191
7.25 Immunoﬂuorescence microscopy based quantiﬁcation of hMSCs on triangular,
square or circular shaped ﬁbronectin micropatterns with 1350 µm2 surface area
co-stained for β-catenin and DAPI after 24 hours incubation in presence or
absence of Dkk-1. Results display quantiﬁcation of nuclear versus β-catenin
intensity of > 50 hMSC micropatterns (n = 50) incubated in growth medium for
24 hours as an indication of nuclear translocation and activity as transcription
factors. Values are means ± S.D of 3 independent experiments performed in
duplicate. ** equals ρ < 0.01 according to one-way ANOVA analysis followed
by Turkey and Bonferoni Post-Hoc tests. . . . . . . . . . . . . . . . . . . 192
20
7.26 Immunoﬂuorescence microscopy based quantiﬁcation of pre-adipocytes or pre-
osteoblasts on triangular, square or circular shaped ﬁbronectin micropatterns
with 1350 µm2 surface area co-stained for β-catenin and DAPI after 24 hours
incubation in the relevant growth medium. Results display quantiﬁcation of
nuclear versus β-catenin intensity of > 50 hMSC micropatterns (n = 50) incu-
bated in growth medium for 24 hours as an indication of nuclear translocation
and activity as transcription factors. Values are means ± S.D of 3 independent
experiments performed in duplicate. ** equals ρ < 0.01 according to one-way
ANOVA analysis followed by Turkey and Bonferoni Post-Hoc tests. . . . . . . 193
7.27 Quantiﬁed ICW of hMSCs transfected with si-β-catenin and incubated on tri-
angular, square or circular shaped ﬁbronectin micropatterns with 1350 µm2
surface area in either growth or mixed adipogenic and osteogenic diﬀerentia-
tion medium for 7 days. Samples were ﬁxed and subsequently co-stained for
active-β-catenin (ABC) and pan-β-catenin. Results are displayed as ratio of
active-β-catenin (ABC) over pan-β-catenin relative to circular cells indicating
preferred adipogenic over osteogenic lineage commitment. Values are means ±
S.D of 3 independent experiments performed in duplicate. * equals ρ < 0.05 and
** equals ρ < 0.01 according to one-way ANOVA analysis followed by Turkey
and Bonferoni Post-Hoc tests. . . . . . . . . . . . . . . . . . . . . . . . . 195
7.28 Transfection eﬃciency of si-β-catenin.ICW of non-patterned hMSCs transfected
with si-β-catenin compared against scrambled si-RNA transfected or untreated
cells subsequently co-stained for β-catenin and DNA 24 hour post-transfection.
Results are displayed as ratio of for β-catenin versus DNA indicating total β-
catenin concentration within cells and its associated knockdown eﬃciency.Values
are means ± S.D of one experiment. . . . . . . . . . . . . . . . . . . . . 196
21
8.1 Schematic of procedure to produce ECM micropatterns. 1. Stamps for mi-
crocontact printing were produced by replica casting of PDMS precursor mix
against a silicon master made by photolithography. After curing, solidiﬁed
PDMS stamps bearing the negative pattern of the master were peeled oﬀ. 2.
In order to produce a protein micropattern by microcontact printing, PDMS
stamps were coated with a aqueous ﬁbronectin solulution and placed in confor-
mal contact with a ﬂat polystyrene substrate resulting into a patterned protein
layer on the surface of the polystyrene substrate consiting of micro-islands in a
desired shape. 3 Surrounding non-patterned surface was coated with pluronic,
which prevents cell adhesion and therefore conﬁnes adherence and spreading of
seeded cells to the protein micro-islands resulting into monolayers of cell pat-
terns in deﬁned shapes. 4. After two weeks of incubation, cell micropatterns
were ﬁxed and decellularized by using an optimized decelluarlization protocol
resulting into decellularized ECM micropatterns. . . . . . . . . . . . . . . 202
8.2 The ECM micropattern system. Immuno-ﬂuorescence images of decellularized
ECM micropatterns stained against ﬁbrillin I, elastin, collage I, laminin using
a 63x ojective. Scale bar = 20µm . . . . . . . . . . . . . . . . . . . . . . 204
8.3 Immunoﬂuorescent quantiﬁcation of ECM components in decellularized pat-
terns. (a-d) Immuno-ﬂuoresence quantiﬁcation of decellularized ECMmicropat-
terns in triangular, square or circular geometries and 1350 µm2 surface area
stained against collage I, ﬁbrillin I, elastin, laminin. Mean ﬂuorescence intensity
of the whole ECM micropattern was quantiﬁed based images obtained with a
40x objective. Results show the average of 500 cells (n=500) from for each shape
and ECM component. Values are means ± S.D of 3 independent experiments
performed in duplicate. ** equals ρ < 0.01 according to one-way ANOVA analy-
sis followed by Turkey and Bonferoni Post-Hoc tests. (e) Fluorescence intensity
heatmaps showing the average localisation dependent ﬂuorescence intensity of
ECM micropatterns stained for collagen I and laminin. Brigher colour indiates
higher intensity. 30 images ECM micropatterns (n = 30) were used to gener-
ate each heatmap. The microscopy images were obtained with a ﬂuorescence
microscope using a 63x objective. Scale bar = 20µm. . . . . . . . . . . . . . 206
8.4 Schematic of procedure to produce reseeded ECM micropatterns. Procedure to
produce ECM micropatterns as before followed by reseeding of cells. . . . . . 209
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8.5 Immunoﬂuorescence microscopy based quantiﬁcation of ﬁbroblasts on triangu-
lar, square or circular shaped micropatterns with 1350 µm2 microisland sizes
and diﬀerent underlining protein micro-islands. Cells were ﬁxed after 24 hours
and subsequently co-stained for β-catenin and DAPI. Results display quantiﬁ-
cation of nuclear versus β-catenin intensity of > 50 hMSC micropatterns (n
= 50) incubated in growth medium for 24 hours as an indication of nuclear
translocation and activity as transcription factors. Values are means ± S.D of
3 independent experiments performed in duplicate. ** equals ρ < 0.01 accord-
ing to one-way ANOVA analysis followed by Turkey and Bonferoni Post-Hoc
tests. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 210
9.1 Fluorescence micrograph of Saos-2 osteosarcoma cells grown on glass for seven
days and subjected to immunoﬂuorescence for vinculin (red), staining for actin
(phalloidin, green) and nuclei (DAPI, blue). Samples shown here were dried
through a series of graded ethanol then immersed in HDMS and ﬁnally air dried.214
9.2 SEM micrograph of sample shown in Fig. 2a (1) of main text. Saos-2 cells were
cultured on glass. Region shown was branded by ion milling and imaged with
electron beam. Subsequently, the same region was visualized by ﬂuorescence
microscopy. Note how clearly the cell nucleus can be seen through the milling
(right panel). Scale bar = 5 µm. SIM image aquisition by Dr. S. Bertazzo. . . 215
9.3 SIM micrograph of sample shown in Fig. 2a (2) of main text. Saos-2 cells were
cultured on glass. Region shown was branded by ion milling and imaged with
gallium ion beam. Subsequently, the same region was visualised by ﬂuorescence
microscopy. Scale bar = 5 µm. SIM image aquisition by Dr. S. Bertazzo. . . . 216
9.4 Comparison of ion and electron beam scanning eﬀect on ﬂuorescent signal. Saos-
2 cells were cultured on glass and stained for vinculin (red), actin (green) and
nuclei (blue). Two regions were branded by ion milling. These areas were then
imaged with either an electron beam (1) or an ion beam (2). Subsequently,
both regions were visualised by ﬂuorescence microscopy, demonstrating that
the ion-irradiated region was unchanged whereas the electron-irradiated region
was signiﬁcantly altered. Scale bar = 25 μm. . . . . . . . . . . . . . . . . . 216
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9.5 SIM and ﬂuorescence micrographs showing that ion milling with a gallium beam
does not alter the ﬂuorescence signal. (a) SIM image with a section of the Lon-
don skyline branded through ion milling below Saos-2 osteosarcoma cells grown
on glass. Scale bar = 50 μm. (b) Corresponding bright ﬁeld image of the same
region shown in a, previously imaged by SIM. (c) SIM micrograph of the same
cells presented in a and b after additional branding, this time through the cells.
Scale bar = 25 μm. SIM image aquisition by Dr. S. Bertazzo.(d) Fluorescence
micrograph corresponding to panel c. Cells were stained for vinculin (red), actin
(green) and nuclei (blue). Scale bar = 25 μm. (e) Higher magniﬁcation of the
branding on cells showing that there is no damage to the ﬂuorescence signal in
the vicinity of the milled region. Scale bar = 5 μm. (f) Scheme of the steps
taken to obtain SIM and ﬂuorescence micrographs of the same region within
a sample. (I) Staining and drying, (II) chromium coating, (III) ion branding
and electron image acquisition, (IV) ﬂuorescence image acquisition and (V) ion
branding and ﬂuorescence image acquisition. . . . . . . . . . . . . . . . . . 218
9.6 SIM and ﬂuorescence micrographs of the same MC3T3-E1 pre-osteoblast 33
cells cultured on electrospun poly-lactic acid (PLLA) micro-ﬁbres. Cells were
stained for actin (red) and nuclei (blue). Scale bar = 25 μm. SIM image
aquisition by Dr. S. Bertazzo. . . . . . . . . . . . . . . . . . . . . . . . . 219
9.7 SIM image and correspondent ﬂuorescence micrograph of a ﬁbroblast cultured
onto a triangular micro-patterned surface on polystyrene. Cells were stained for
tubulin (red), actin (green) and nuclei (blue). Scale bar = 25 μm. SIM image
aquisition by Dr. S. Bertazzo. . . . . . . . . . . . . . . . . . . . . . . . . 220
9.8 Confocal ﬂuorescence micrographs of hMSCs grown on glass for 1 day followed
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gel coated with sulfo-SANPAH which covalently binds ﬁbronectin to the PA
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to the unbound sulfo-SANPAH around the ﬁbronectin micropatterns resulting
into eﬃcient passivation of the surrounding non-stamped region on the PA sur-
face. Subsequent cell seeding results in deﬁned cell micropatterns similar to
previously desribed 2D cell micropattern system based on polystyrene substrate. 227
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10.8 ICW quantiﬁcation of PPARγ and RunX2 signal intensity of micropatterned
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for 7 days (left panel). ICW quantiﬁcation of PPARγ and RunX2 signal inten-
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11.1 Schematic illustration of the process to produce cell micro-wells. 1. PDMS
replicates comprising microwells in a desired shape were produced by replica
casting polydimethylsiloxane (PDMS) against a silicon master made by pho-
tolithography. After curing of the casted PDMS prepolymer mix, solidiﬁed
PDMS stamps bearing the negative pattern of the master were peeled oﬀ. 2.
Glass substrate for inverse microcontact printing is immersed into an aminosi-
lane solution for 4h immediately followed by treatment with a glutaraldehyde
solution that binds to the free aminogroup and forms bond to the ink protein
upon microcontact printing resulting into a more eﬃcient protein transfer. 3.
In order to produce a protein coated micro-wells, PDMS replication is coated
with a proteins solution and subsequently stamped on top of the functional-
ized glass surface according to normal micro-contact printing technique which
results in removal of the coated protein on the plateau but not within the wells
of the protein coated PDMS replication. 4. In order to generate cell micro-
wells, selectively protein coated PDMS replication treated with UV/Ozone and
immediately afterwards immersed in an aquatous pluronic solution for 2 hours.
pluronic adheres selectively on the plateau but not within the micro-wells gener-
ating a non-cell adhesive layer and therefore ensures that seeded cells selectively
adhere and spread only within the protein micro-wells resulting into cell assum-
ing the underlining shape of the well. . . . . . . . . . . . . . . . . . . . . 239
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I protein and subsequently stamped on top of a functionalized glass surface.
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glass substrate was subsequently analysed by ﬂuorescence microscopy using 10x
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4ºC, the solidifed gelatin replication bearing the negative pattern of the mas-
ter was peeled oﬀ. 2. The gelatin replication was subsequently cross-linked by
treatment with a glutaraldehyde solution that crosslinks free aminogroups of
the denatured collagen in the gelatin. 3. As glutaraldehyde is cytotoxic even in
low concentrations, potentially unreacted glutaradehyde molecules within the
cross-linked gelatin replication were quenched by incubation in a glycine solu-
tion in addition to several washing steps 4. In order to generate cell micro-wells,
the the quenched and cross-linked gelatin replication was incubated in medium
for several days under cell culture conditions after it was extensively washed
in order to ensure that all glycine is fully removed even in the bulk of the gel
and the material is equilibrated to the culture conditions prior to cell seeding.
Afterwards cells were seeded in form of a cell suspension on top of the gelatin
replication. Multiple rising with a micropipette after 1, 5, 10 and 15 minutes
resulted in almost exclusively only cells within the micro-wells. . . . . . . . 247
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(12.5%, w/v) were fabricated, seeded with hMSCs and imaged 2 hours post
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shaped gelatin micro-wells (12.5%, w/v) incubated for more than 2 weeks. c)
mESCs seeded in triangular shaped gelatin micro-wells (12.5%, w/v) and im-
aged 2 hours post seeding after medium exchanche and washing step. . . . . . 249
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Abstract
Cells in the human body show drastic diﬀerences in shape and morphology de-
pending on the tissue that they are embedded in, and pathological tissue is often
accompanied by changes in cell architecture. However, the question of whether
changes in cell architecture play a regulatory role in physiology and disease is still
mostly unexplored. As the cell architecture is inﬂuenced by the cell micro envi-
ronment, such as the surrounding ECM, it might play a central role as a regulator
and mediator of physical, or even chemical, environmental cues in vivo. As it is
not possible to study the eﬀect of cell architecture in vivo, various in vitro bioengi-
neering systems based on microfabrication were developed in this thesis. The use
of cell micropatterns allowed precise engineering of cell geometry, which was found
to result in speciﬁc cell cytoskeletal arrangements and changes in cell contractility.
It was found that those changes in contractility mediate cell geometry-dependent
lineage commitment of mesenchymal stem cells. Development of several new an-
alytical techniques and subsequent application to cell micropattern systems re-
sulted in many new and unexpected cell geometry-dependent eﬀects. For the ﬁrst
time, a link between lipid raft formation and cellcell geometry was observed. Ad-
ditionally, plasma membrane curvature as a new cell characteristic is described
and reported to be cell geometry-dependent in this thesis. Furthermore, a new
mechanism involving lipid raft dependent Akt signalling was found to mediate cell
geometry-dependent stem cell lineage commitment independent of PI3K activity
in mesenchymal stem cells. Considering the involvement of Akt signalling in a
wide variety of cell physiological events, and in many challenging diseases such
as type-2 diabetes and cancer, the evidence of a link between cell geometry and
Akt signalling could have broader implications and warrants further investigation
in other cell systems. Moreover, depending on the soluble factor environment,
cell geometry was observed to have diﬀerent, seemingly antagonistic eﬀects, on
cell diﬀerentiation. In the absence of soluble diﬀerentiation cues, b-catenin was
found to mediate cell diﬀerentiation in a most likely Wnt independent mechanism.
Furthermore, by developing a novel system based on decellularized ECM micropat-
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terns, it was reported that cell architecture also changes ECM structure by cell
shape-dependent secretion of ECM proteins, suggesting a bi-directional regulatory
mechanism between cell shape and ECM. It was also found that downstream eﬀects
caused by other mechanical cues in the cell microenvironment, such as matrix elas-
ticity and topography, are indirect eﬀects mediated by changes in cell geometry.
Therefore, cell architecture seems to have an important role in mediating cell phys-
iological eﬀects of ECM and might be a main component that transduces eﬀects
of mechanobiological cues into speciﬁc downstream behaviour. The work in this
thesis suggests a possible key role of cell geometry within the cell microenviron-
ment, and is highly relevant for improved targeted therapies, especially in cancer,
the design of tissue engineering scaﬀolds and in vitro drug screening systems.
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Aims and Hypothesis
Lipid rafts are rapidly attracting increasing attention as important regulators of
cell signalling because of their ability to include or exclude proteins to variable ex-
tents and therefore favour speciﬁc protein-protein interactions [314]. Several stud-
ies suggested that lipid raft formation is linked to the cell cytoskeletal arrangement
[356, 25, 229, 54, 191, 84, 114, 278, 186, 268]. Given the strong connection between
lipid rafts and cell cytoskeletal arrangement, it was hypothesized that cell geometry
not only induces changes in cell cytoskeleton and contractility as reported earlier
[166, 335] but might also play an active role in plasma membrane morphology
and lipid raft formation. This thesis aimed to investigate this by producing single
hMSCs in deﬁned shapes by micro-contact printing that show distinct cytoskele-
tal arrangements and contractility. As a next step, several cutting edge imaging
techniques are aimed to be used to analyse the plasma membrane structure and
composition of these cells in order to ﬁnd indications of a cell shape-dependent
lipid raft formation that correlates with changes in cell contractility.
Furthermore, it was reported that Akt is more eﬀectively activated when localised
in lipid raft regions [180, 43, 104]. Given that lipid raft formation is dependent
on cell shape and correlates with changes in cell contractility it was therefore
hypothesized that cell shape-dependent changes in lipid raft formation might reg-
ulate Akt signalling in mesenchymal stem cells, which could possibly mediate cell
shape-dependent changes in mesenchymal stem cell lineage commitment. There-
fore, it was aimed to analyse the Akt activation state of micropatterned hMSCs
in diﬀerent shapes as an indication of a cell shape-dependent Akt activation. In a
second step it was aimed to link the eﬀect of cell geometry on Akt activation with
lipid raft formation as well as the cell cytoskeleton and cell contracility state by
using diﬀerent chemical inhibitors and investigate potential upstream activators
that trigger cell geometry-dependent Akt activation.
Several studies report cell shape-dependent adipogenic or osteogenic diﬀerentia-
tion of micropatterned MSCs using diﬀerentiation medium that contains a range of
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adipogenic and osteogenic soluble diﬀerentiation factors[166, 217, 251]. It was hy-
pothesized that cells incubated with no soluble diﬀerentiation factors might show a
diﬀerent cell shape-dependent eﬀect on MSCs diﬀerentiation. As it remains a ma-
jor challenge for engineered bio-scaﬀolds to control the exposure of speciﬁc soluble
factors [256], it is important for the design of improved scaﬀolds to understand
how geometrical cues aﬀect cell signalling and stem cell diﬀerentiation in concert
with soluble ligands. Using micropatterend hMSCs, it was aimed to study the ef-
fect of cell geometry on MSC diﬀerentiation in the presence and absence of soluble
diﬀerentiation factors by analysing the expression level of the transcription factors
PPARg and RunX2 which are involved in early hMSCs commitment.
Several studies reported a role of the Wnt/b-catenin pathway in mechanical sig-
nal transduction in bone biology. For example, in vitro studies applying acute
mechanical strains on osteoblasts revealed a mechanosensory role of b-catenin sig-
nalling [45, 275, 236], and similar results were obtained using mesenchymal stem
cells [304, 303]. Moreover, knockout mice for Lrp5, co-receptor of the Wnt receptor
Frizzled, display poor mechanical response of bone to loading [294]. Nevertheless,
none of these studies have addressed a possible role of b-catenin in mediating stem
cell fate decisions triggered by changes in cell architecture. In order to investi-
gate if b-catenin signalling is dependent on cell shape mediated by cytoskeletal
arrangement and actomyosin contractility, it was aimed to analyse b-catenin sig-
nal activation in presence or absence of various chemical inhibitors. Addionally, in
order to investigate a possible role of b-catenin in mediating cell shape-dependent
diﬀerentiation in diﬀerent soluble factor medium environment it was aimed to
perform experiments with silencer RNA to analyse cell shape-dependent diﬀeren-
tiation when b-catenin is knocked-down.
Depending on the tissue or pathological state, cells display distinct architectures
as a result of speciﬁc cell adhesion and spreading provided by the surrounding
ECM. It is well known that cell architecture aﬀects a wide range of physiological
processes and can act as a mediator of ECM-induced cell regulation. However the
question of whether cell architecture can also directly aﬀect ECM homeostasis and
remodelling has remained relatively unexplored. Cells have were shown to alter
the ECM through active remodelling either by degradation via speciﬁc enzymes
c`alled metalloproteases or by secretion of new ECM components [327, 87, 147].
Knowledge of the factors aﬀecting cell-mediated ECM remodelling and secretion
is still very limited, and work towards improving this understanding will be crit-
ical for unravelling the complex interplay of the cell-matrix interactions that, in
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part, dictate our understanding of cellular physiology and pathology. In order to
investigate cell shape-dependent ECM remodelling, it was aimed to develop a new
technique that combines micropattered ﬁbroblasts cultured in high serum condi-
tions for an extended period of time and decellularization techniques in order to
generate ECM micropatterns which can then be used to analyse structure and
composition of major protein components of the ECM via immunolabeling. Sev-
eral studies reported that substrate stiﬀness can direct cell behaviour including
cell diﬀerentiation [192, 70, 81, 221, 108, 172]. Interestingly, cells adhered to poly-
acrylamide hydrogels in diﬀerent stiﬀnesses are known to show clearly diﬀerent
cell shapes [251, 343, 81]. Therefore, the questions arises if the substrate stiﬀness
triggers changes in cell diﬀerentiation directly or indirectly through changing the
cell shape which was previously demonstrated to regulate cell lineage commitment
[166, 217, 251]. . In a recent study it was reported that PDMS substrates in diﬀer-
ent stiﬀnesses have no eﬀect on hMSCs lineage commitment unlike polyacrylamide
hydrogels with the same stiﬀness values. Importantly, not only cell diﬀerentiation
but also cell shape and spreading was found to be unchanged in cells on PDMS
substrates of diﬀerent stiﬀnesses [343]. It was therefore hypothesized that changes
in the substrate topography caused by diﬀerent substrate stiﬀness aﬀect cell dif-
ferentiation only indirectly by changing cell adhesion and spreading, which results
in a diﬀerent cell shapes. In order to investigate that, it was aimed to develop a
new system based on cell micropatterns on polyacrylamide hydrogels, which allows
combined analysis of the eﬀect of substrate stiﬀness and geometrical constrains on
cell diﬀerentiation. In a second step, this system was aimed to be used to study
cell architecture, contractility and lineage commitment of micropatterned hMSCs
in diﬀerent geometries and diﬀerent polyacrylamide hydrogels stiﬀnesses.
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Scope of Thesis
The main hurdles and key strategies to revolutionize the current state of medicine,
such as eﬃcient drug discovery, targeted therapies and regenerative medicine, all
depend on the understanding of the cell microenvironment. The cell microenviron-
ment consists of all external physical and chemical factors aﬀecting cell behaviour,
such as soluble and surface-bound signalling factors, cell-cell contacts, support
cells, ECM, and local mechanical microenvironments. Traditionally, the focus
of stem cell fate regulation has been on biological factors, such as cytokines and
growth factors and more recently, with the rapid development of ﬁeld of mechanobi-
ology, the importance of physical factors have become apparent. Physical factors
include factors such as matrix elasticity and topography and ﬂuid shear force,
which were found to aﬀect many aspects of cell physiology and pathology. The
work presented in this thesis focuses on the regulatory role of cell architecture
and geometry. The architecture of a cell is given by the cell microenvironment,
particularly the surrounding ECM, which imposes boundary conditions that limit
cell volume and cell spreading, physically and chemically, by controlling cell ad-
hesion sites. Interestingly, cells in the human body show drastic diﬀerences in
shape and morphology depending on the tissue in which they are embedded in,
and pathological tissue is usually also accompanied by a clear change in cell archi-
tecture. The question of whether changes in cell architecture plays a regulatory
role in physiology and disease is still mostly unexplored. To investigate a possible
regulatory role of cell architecture and shape is of fundamental importance to un-
derstand how the cellular microenvironment aﬀects cell behaviour. Currently, it
is not possible to tightly control the cell geometry in vivo, and even uncontrolled
modiﬁcations of cell architecture causes mortality or other major side eﬀects in in
vivo models. However, the maturation of microengineering techniques has enabled
the production of micropatterned cell monolayers, which provide exquisite control
over the cell architecture of individual cells, thereby enabling statistically relevant
observations over a large number of cells as a model system ex vivo. This thesis
is concerned with the development of a broad range of cell microarray systems
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and analysis techniques in order to investigate the eﬀects of cell geometry on cell
behaviour and unravel the molecular mechanisms that connect changes in cell ge-
ometry to downstream eﬀects. The aim of the thesis is to explore the role of cell
geometry for a better understanding of the cell microenvironment, and therefore
improve targeted therapies, design of tissue engineering scaﬀolds and in vitro drug
screening systems.
In Chapter 3 aims to develop a cell micropattern system that allows to tightly
engineer cell architecture. A new system was developed with extraordinary long-
term stability under cell culture conditions and subsequently used to analyse cell
geometry-dependent cytoskeletal arrangement and cell contractility with a variety
of diﬀerent techniques. Chapter 4 described observed cell geometry-dependent
eﬀects on cell behaviour, namely stem cell lineage commitment, which was found
to be mediated by cell contractility.
Chapter 5 focuses on the analysis of cell geometry-dependent lipid raft forma-
tion on the plasma membrane by using several diﬀerent cutting edge imaging
techniques. This chapter describes a link between lipid raft formation and cell
geometry and introduces a new cell charateristic called cell membrane curvature.
In Chapter 6 potential downstream eﬀects of cell geometry induced cell contrac-
tility and lipid raft formation on cell signalling pathways were investigated. In
particular the Akt signalling, which was recently reported to be dependent on
lipid raft. Akt signalling was found to be dependent on cell geometry through a
newly identiﬁed mechanism and proposed to be a nodal player in cell fate decisions.
Chapter 7 aimed to investigate a possible connection between the eﬀect of cell
architecture and soluble cues. Cell geometry-dependent diﬀerentiation in absence
or presence of soluble diﬀerentiation factors was studied and resulted in seemingly
antagonistic eﬀects, which were found to be mediated by a newly identiﬁed cell
geometry-dependent b-catenin signalling mechanism.
Chapter 8 was concerned with the eﬀect of cell architecture on its surrounding
ECM by developing a new system based on decellularized ECM micropatterns in
order to unravel the complex interactions between cell and ECM.
Chapter 9 aimed to ﬁnd a new microscopy technique, which allows to obtain
combined information about the identity and abundance of speciﬁc molecules as
well as the environment they are embedded in order to further investigate cell-ECM
and cell-material interactions.
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In Chapter 10 it was hypothesized, that mechanical factors within the cell microen-
vironment, such as matrix elasticity and topography, might only indirectly aﬀect
cell behaviour by triggering changes in cell architecture. A new cell micropattern
system, which allows tight control of cell architecture as well as topography and
elasticity of the underlining substrate, was developed and used to investigate this.
The results open up the intriguing possibility of a central regulatory function of
cell geometry in the cell microenvironment.
Lastly, in Chapter 11 new cell micro-well based systems were developed with the
aim to study the eﬀect of cell architecture in a more 3D-like environment and the
possibility be used as new tissue engineering constructs.
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1 Introduction
1.1 Mesenchymal Stem Cells
Mesenchymal stem cells (MSCs) are present in bone-marrow stroma and the stroma
of various organs with the capacity to diﬀerentiate into multiple mesoderm-type
cells, including osteoblasts, chondrocytes, and adipocytes [162]. It has also been
shown that neuronal cells can be generated from MSCs upon induction by gene
transfection [71]. Furthermore, even diﬀerentiation of MSCs into endoderm-like
cells has been demonstrated for example, cultivation of MSCs with hepatocytes
growth factors added as soluble ligands to the medium induced diﬀerentiation into
hepatocytes [182].
1.1.1 MSCs Isolation and Characterisation
Several methodologies have been described to isolate MSCs, including techniques
which rely upon their selective adherence to plastic compared to hematopoietic
cells [273] or cell separation techniques reliant on density gradients, e.g. dextran
or sucrose [12]. More sophisticated approaches use ﬂuorescence or magnetic ac-
tivated cell sorting based on the expression of one or more speciﬁc cell surface
markers. However, even with those approaches a heterogeneous cell population
with respect to diﬀerentiation is unavoidable [162]. In addition, the antigens used
for the MSCs isolation vary between laboratories [260]. Therefore, it is diﬃcult to
eﬀectively compare ﬁndings from diﬀerent studies of bone marrow derived MSCs,
as discrepancies exist in the way in which they were isolated and even subsequently
expanded ex vivo [12]. In order to standardise the isolation and characterisation
of MSCs, in 2005 the Mesenchymal and Tissue Stem Cell Committee of the In-
ternational Society for Cellular Therapy has proposed three criteria; adherence of
the isolated cells on plastic (1), expression of speciﬁc markers (CD105, CD73 and
CD90) and lacking of others (2), and potential to diﬀerentiate into osteoblasts,
adipocytes and chondroblasts in vitro (3)[260].
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1.1.2 MSCs Diﬀerentiation
As mentioned before, MSCs potency extends beyond the conventional mesoder-
mal lineages and includes diﬀerentiation into liver, kidney, muscle, skin, neural
and cardiac cells. Here, only the key players of the mesoderm-type diﬀerentiation
are described. MSCs diﬀerentiation into chondrocytes is known to involve speciﬁc
transcription factors such as SRY-box 9 (Sox9), which cooperates with its down-
stream co-factors Sox5 and Sox6 [4]. Additionally, TGFb together with BMP2
have been reported to play an important role in chondrogenic diﬀerentiation [307].
The nuclear receptor peroxisome proliferator-activated receptor g (PPARg) is an
adipogenic inducing factor that was demonstrated to be required for adipogenesis
in vivo and in vitro [280]. It is believed to play a crucial role in many or perhaps
even almost all adipogenic speciﬁc genes [281]. PPARg is known to interact with
members of the CCAAT/enhancer binding protein (C/EBP) family to regulate adi-
pogenesis [90]. Adipogenic diﬀerentiation has also been reported by using insulin
and dexamethasone containing medium [381]. Runx2 (runt-related transcription
factor 2) is considered a master regulatory gene responsible for early osteogenic
diﬀerentiation and skeletal development [170]. Runx2 determines the osteoblast
lineage from multipotent mesenchymal cells, induces osteoblastic diﬀerentiation at
the early stage, and inhibits it at the late stage. Runx2 -deﬁcient ( Runx2 -/-) mice
completely lack bone formation owing to the absence of osteoblasts [171]. In vitro,
Runx2 has been shown to induce alkaline phosphatase (ALP) activity, expression of
bone matrix protein genes, and mineralization in immature mesenchymal cells and
osteoblastic cells [170] [100]. Furthermore, Runx2 -/- chondrocytes derived from
knock-out mice causes diﬀerentiation into adipocytes, highlighting the involvement
of Runx2 the in maintenance of the chondrocyte phenotype and inhibition of adi-
pogenesis [82]. Runx2 has been shown to interact with other critical pathways
for the diﬀerentiation of skeletal component. It has been reported that Runx2
not only induces osteoblasts and chondrocytes diﬀerentiation but also enhances
their migration by coupling of PI3K-Akt signalling, which mediates cell migra-
tion by activation of Rac and p21-activated protein kinase [100]. Additionally, by
direct interaction with PPARg, Runx2 has been shown to inhibits adipogenesis
[5]. While Runx2 acts early to promote osteoblastic diﬀerentiation, osterix, an-
other important inducer of osteogenesis, suppresses chondrogenesis and promotes
osteoblastic diﬀerentiation at a later stage [341]. Ex vivo, MSCs were successfully
diﬀerentiated into osteoblasts by using speciﬁc chemicals such as dexamethasone
and ascorbate or by magnetic ﬁeld stimulation [267]. Bone morphogenetic proteins
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(BMPs) from the TGF-b superfamily, have been shown to play an important role in
osteoblast diﬀerentiation in various studies [161][252]. BMPs promote osteogenic
diﬀerentiation or inhibit it, e.g. BMP-13 [306].
1.2 Cell Adherence and Architecture
1.2.1 Cell Adhesion
Cells adhere to neighbouring cells and to the extracellular matrix (ECM) in vivo
and to any adhesive surface in vitro by large multiprotein complexes that provide
mechanical coupling as well as a means for cells to sense the chemical and physical
properties of their environment. The proteins and their interactions are collectively
termed adhesome [246]. Adhesion is mediated by cell surface receptors, most no-
tably integrins. Integrins are heterodimeric transmembrane proteins comprised of
a and b subunits that bind through the extracellular domain to speciﬁc sequence
motifs of ECM proteins. This binding induces a conformational change that un-
masks a cytoplasmic tail, which promotes their linkage to the actin cytoskeleton
[184]. The integrin-actin linkage is mediated by several proteins. Integrins can
interact, via their cytoplasmic tails, with at least 12 diﬀerent adaptor proteins.
Among these molecules, tensin, ﬁlamin, talin, plectin and a-actinin can provide a
direct link to the actin cytoskeleton. Plectin can also directly interact with the
intermediate-ﬁlament protein vimentin, and paxillin can provide a direct link to
microtubules [385]. The integrins also recruit, indirectly, other adaptor molecules
which further reinforce the link to the cytoskeleton. For example, vinculin fur-
ther stabilizes the adhesome by binding to several sides of the talin rod as well as
F-actin.
Integrin dependent adhesions can be classiﬁed based on size, stability and local-
ization in the cell. Adhesions are prone to a continuous process of formation,
maturation and disassembly depending on the composition and mechanical prop-
erties of the substrate and other environmental factors [246]. So called nascent
adhesions are small, short-lived adhesions that are the ﬁrst contact of the cell
to the substrate. Nascent adhesions either disassemble within ~ 60 seconds or
mature into larger dot-like so called focal complexes with a diameter of approx-
imately 1mm and a lifetime of several minutes. Focal complexes can continue to
mature into focal adhesions, which are elongated structures typically 2mm wide
and 3-10mm long. Focal adhesions are characterized by a long life time and are
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typically located at the end of large actin bundles or thick actin bundles called
stress ﬁbres [389]. Furthermore, there are other adhesions found in speciﬁc cells
types for example podosomes are small, circular adhesions comprised of a central
actin core and integrins and other adhesion-associated proteins arranged in a ring
around the centre. In osteoclasts, podesomes reside in clusters that from circular
rings at the cell periphery [246].
1.2.2 Cytoskeleton and Cell Contractility
The actin cytoskeleton is a dynamic structure that plays a fundamental role in
diverse processes in all eukaryotic cells. Actin is a globular protein that contains a
nucleotide (either ATP or ADP) associated. Under physiological conditions, actin
monomers (G-actin) assemble into polar, helical ﬁlaments (F-actin). Because actin
ﬁlaments are polar structures, they have two structurally and biochemically dis-
tinct ends that are called barbed end and pointed end. Under steady-state
conditions, the net addition of subunits to actin ﬁlaments occurs at the barbed
end. Irreversible hydrolysis of the bound ATP subsequently destabilizes the ﬁl-
ament and results in net dissociation of actin subunits at the pointed end. The
structure and dynamics of the actin cytoskeleton in cells are regulated by many
regulatory proteins. Proﬁlin catalyses the exchange of ADP to ATP associated to
G-actin needed for ﬁbre polymerisation and assembly [259]. So called nucleators
promote the nucleation of new actin ﬁlaments. Probably the best understood nu-
cleator is the Arp2/3 complex. Activated by Wiskott-Aldrich syndrome family
protein (WASP), the Arp2/3 complex recruits actin monomers and triggers the
nucleation. More recently, other nucleators including Spire, Cordon bleu (Cobl),
and Leiomodin (Lmod) were identiﬁed which also trigger nucleation by recruitment
of actin monomer to form polymerization seeds[265]. Formins are involved in both
actin ﬁbre nucleation and elongation by catalyzing the formation of linear un-
branched actin ﬁbres by binding to the barbed end of the actin ﬁbre and stabilize
spontaneously formed actin dimers [263]. Enabled/vasodilator-stimulated phos-
phoprotein (Ena/VASP) is the other known actin elongation factor. Like formins,
Ena/VASP proteins bind proﬁlin-actin and multimerize, but form tetramers rather
than dimers [92]. Depolymerization of actin ﬁbres is enhanced by the negative actin
cytoskeleton regulators ADF, coﬁlins and gelsolin [52] .
Adhered cells are able to generate tension within the cell, called cell contractil-
ity, by actomyosin contraction. Actomyosin is a complex of actin ﬁlaments with
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myosin. Myosins are a family of ATP-dependent motor proteins of which the best
known variant is myosin II. Myosin II oligomerises and moves antiparallel to actin
ﬁlaments leading to shortening of the ﬁlaments and subsequent contraction of the
cytoskeleton. Besides generating tension, the actin binding property of myosin
ﬁlaments bundles several actin ﬁlaments together and therefore supports the for-
mation of stress ﬁbres. There are three isoforms: Myosin IIA, Myosin IIB and
Myosin IIC speciﬁed by the diﬀerent heavy chains they contain. Myosin IIA and
Myosin IIB are expressed in most cells whereas Myosin IIC is rarely expressed and
may have a role in cancer [246].
Integrin dependent adhesions have also important signalling function. Besides
adaptor proteins for actin-integrin stability, adhesions formation leads to the re-
cruitment of molecules with a signalling function such as paxillin and the protein
tyrosine kinase focal adhesion kinase (FAK), Src and PI3K. These molecules reg-
ulate the activity of downstream eﬀectors such as extracellular signal-regulated
kinase (ERK), Akt, JNK and Rho GTPases. In mammalian, the Rho GTPases
superfamily consists of 20 diﬀerent signalling proteins. Best characterized, for the
adhesion regulation are members of the subfamilies Rac, Cdc42 and Rho. Cdc42
and Rac stimulate the formation of ﬁlopodia and lamellipodia, which are com-
monly found along the circumference of spreading cells and at the leading edge of
migrating cells and allow cells to extend into new areas[84]. The members of the
subfamily Rho are RhoA, RhoB and RhoC. Although several studies reported some
functional diﬀerences between these proteins, they are very similar in sequence and
have similar eﬀects when overexpressed. Therefore, many studies did not distin-
guish between RhoA, RhoB and RhoC and refer to them collectively as Rho.
Rho plays a central role in the control of actin cytoskeleton remodelling and is
required for formation of stress ﬁbres and focal adhesions, as well as polarized cell
spreading, motility, and cytokinesis [205]. There are two downstream eﬀectors of
Rho: Rho associated coiled-coil containing protein kinase 1 (ROCK) and the mam-
malian homolog of diaphanous (mDia). ROCK either elevates phosphorylation of
myosin II light chain (MCL) by inhibiting MLC phosphatase or by directly phos-
phorylating MLC. Phosphorylation of MCL enhances myosin activation, leading to
higher myosin contractility. The resulting tension drives formation of stress ﬁbres
and focal adhesions [9]. Additionally, ROCK activates the LIM kinase, which in
turn phosphorylates and inactivates the actin depolymerizing protein coﬁlin lead-
ing to a stabilization of the actin ﬁlaments in stress ﬁbres and in the cell cortex
[200]. The other downstream eﬀector of Rho mDia, which is a Formin promotes
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actin polymerization and assembly of thin stress ﬁbres [41]. Although many stud-
ies have examined how Rho induces cytoskeletal rearrangements, little is known
about how changes in cell shape and cytoskeletal organisation themselves regulate
Rho. Rho GTPases are either in an inactive state with GDP bound and an active
state in which the GDP was replaced by GTP. Three general classes of regulators
of Rho protein signalling have been identiﬁed: guanine nucleotide exchange factor
(GEFs), GTPase-activating proteins (GAPs) and guanine nucleotide dissociation
inhibitors (GDIs). GEFs control the release of GDP from the Rho protein and the
replacement with GTP [79]. The Dbl family of exchange factors, which includes
more than 60 members, has been established as GEFs that are primary responsible
for Rho activity. GDI proteins form a large complex with the Rho protein helping
to prevent diﬀusion within the membrane and into the cytosol, thus acting as an
anchor and allowing for very speciﬁc spatial control of Rho activation. GAPs con-
trol the ability of the GTPase to hydrolyse GTP to GDP, controlling the natural
rate of movement from the active conformation to the inactive conformation [41].
p190RhoGAP is activated upon phosphorylation by Src tyrosine kinases leading to
inactivation of Rho [13]. p190RhoGAP itself was found to be regulated by SHP-
2, a phosphatase that dephosphorylates and inactivates p190RhoGAP. Activation
of p190RhoGAP was also shown to lead to an increase in serum response factor
activity (SRF), which then promotes adipogenesis [324]. There is evidence, that
p190RhoGAP may connect the physical state of the cytoskeleton to Rho regula-
tion. It was found that p190RhoGAP associates with the actin cytoskeleton and
shows ahigher GAP activity when localized in lipid rafts [13]. Comparing spread
and unspread cells, it was found that ﬁlamin regulates the p190RhoGAP activation
by controlling its accumulation in lipid rafts. In round cells, intact ﬁlamin binds
p190RhoGAP and prevents its accumulation in lipid rafts leading to a high Rho
activity. In spread cells, ﬁlamin is cleaved by calpain releasing p190RhoGAP and
allowing it to accumulate in lipid rafts, were it becomes activated and suppresses
Rho activity [205].
The regulatory mechanism involving cell adhesion, cytoskeletal formation and cell
contractility is summarized in the illustration below.
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Figure 1.1: Illustration of cell adhesion, cytoskeleton and contractility regulation.
1.3 Plasma Membrane and Lipid Rafts
The the textbook model of cell membrane organisation, called SingerNicholson
ﬂuid mosaic concept, proposed the lipid bilayer functions as a neutral uniform two-
dimensional solvent [314]. However, by studying model membranes biophysicists
found that lipids exist in several phases in model lipid bilayers, including liquid-
ordered and liquid-disordered states [36]. The lipid ordered state, which can be
induced by phospholipids with saturated hydrocarbon chains that pack tightly
with cholesterol, shows a lower ﬂuidity but nevertheless remains mobile in the
plane of the membrane [291]. Despite a detailed biophysical characterization of
model membranes, it has been diﬃcult to show that lipids exist in these diﬀerent
phases in the complex environment of the cell. The turning point came by the
perplexing discovery that glycosphingolipids cluster in the Golgi apparatus before
being sorted in the apical surface of polarized epithelial cells, which formed the
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origin of the lipid raft hypothesis [313]. It proposes that, unlike the ﬂuid mosaic
concept, the lipid bilayer in living cells is a heterogeneous environment based
preferential association between sphingolipids, sterols and membrane proteins with
lateral segregation potential [190, 37]. The resulting discrete membrane domains,
called lipid rafts, can structurally range from nanoscale structures to molecular
assemblies that are microns in size [384, 305]. An important property of lipid
rafts is that they can include or exclude proteins to variable extents, which favors
speciﬁc protein-protein interactions and making them an important component in
signal transduction and regulation of cell behaviour [314].
1.3.1 Lipid Raft Structure and Characterisation
Initial evidence and characterisation of lipid rafts resulted from model membrane
systems. The most important discovery in model membranes was the phase sep-
aration in liquid bilayers, which is a cholesterol-dependent lateral segregation,
where the rigid sterol ring favors interaction with straighter, stiﬀer hydrocarbon
chains of saturated lipids and disfavors interaction with the more bulky unsatu-
rated lipid species [187]. Interaction with cholesterol also forces neighboring hydro-
carbon chains into more extended conformations, increasing membrane thickness
and promoting segregation further through hydrophobic mismatch resulting in a
physical segregation in the membrane plane: A thicker, liquid-ordered, Lo phase
coexists with a thinner, liquid-disordered, Ld phase. Sphingolipids tend to display
longer and more saturated hydrocarbon chains, thus potentiating interdigitation
between leaﬂets and favoring interaction with cholesterol [233, 105]. These Bio-
physical studies provided important insights and a framework for understanding
how membrane heterogeneity might arises [91]. However, the phase separation in
a such a simple membrane model system at thermodynamic equilibrium can not
be translated in the complex environment of living cells [225].
Shortly after the initial observation of dynamic assemblies of cholesterol and sph-
ingolipids in epithelial cell polarity studies leading to the lipid raft hypothesis,
it was found that glycosphingolipid clusters from animal membrane lysates tend
to be insoluble in Triton X100 at 4°C, forming detergent-resistant membranes
(DRM) representing poorly solubilised rafts [38]. Many of the structural and func-
tional properties have been inferred from studying DRMs. For example, DRMs
are enriched with cholesterol and sphingolipids and glycosylphosphatidyl inositol
(GPI)-anchored proteins [38, 277, 298]. DRMs have also identiﬁed that palmitoy-
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lation can increase a protein's aﬃnity for rafts [219]. However, one shortcoming
of the DRM studies is that the detergents are disruptive to membrane structure,
which makes it impossible to draw substantive conclusion regarding the organisa-
tion of lipids and proteins in the native membrane. For example, detergents used
to generate DRMs have been shown to create domains, and to cause mixing and
retention of proteins and lipids irrespective of their intrinsic aﬃnity for ordered
lipids resulting in artefacts [133]. A detergent free technique to study membrane
heterogeneity and lipid rafts based on chemical cross linking of GPI-anchored pro-
teins at the plasma membrane showed that membrane microdomains exist in living
cells but consisting only of at least 15 molecules, are much smaller than those seen
after detergent extraction. [98]. This ﬁnding was later on conﬁrmed by high res-
olution single particle tracking lateral diﬀusion experiments using a laser trap to
conﬁne the motion of a bead bound to a raft protein via an antibody [262] as well
as electron microscopic observation of immunogold-labelled raft antigens [126].
By using antibodies or cholera toxin, the patching behaviour of diﬀerent lipid raft
markers such as GPI-anchored proteins, placental alkaline phosphatase (PLAP),
hemagglutinin, and the raft lipid ganglioside GM1 was analysed. It was found
that these patches overlapped extensively and were clearly separated by patches
of non-lipid raft markers such as transferrin and that the size of lipid rafts can be
modulated by oligomerization of raft components [128]. Using similar techniques
including cyan-ﬂuorescent protein, it was found that this selectivity in patching is
cholesterol dependent and can be transmitted across the plasma membrane leaﬂets
indicating a physical that both, the inner and outer leaﬂet are physically coupled
to each other [117]. It was shown that single dye tracing with lipids conjugated to
a ﬂuorophore allows to image single lipid molecules in vivo with high spatial and
temporal resolution. By labelling lipids with either saturated or mono-saturated
acyl chains with a diﬀerent dye it was found that saturated chains showed high
partitioning whereas mono-satured chains where predominantly unconﬁned [299] .
Advances in both spectroscopy and microscopy resulted in new techniques that
allow to study membrane heterogeneity and GPI-anchored proteins without in-
ducing any technique related structural or chemical modiﬁcations. Particularly,
ﬂuorescence resonance energy transfer (FRET) microscopy oﬀers a technique with
a resolution of tens of angstroms that can in principle detect lipid rafts in situ
[164]. Using high-spatial and temporal resolution FRET microscopy, the spa-
tial distribution and steady-state dynamics of ﬂuorescently tagged GPI-anchored
protein nanoclusters were studied revealing a nonrandom spatial distribution of
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nanoclusters, concentrated in optically resolvable domains which are disrupted
upon cholesterol depletion [114]. FRET in combination with theoretical modelling
of changes in FRET eﬃciencies upon photobleaching of the ﬂuorophore provides
information about GPI-anchored proteins containing structures as well as inter-
molecular distances in the clusters. Using this technique in living cells suggest a
hierarchical picture of lipid dependent organisation at diﬀerent length scale down
to nanoscale (<5 nm) cholesterol sensitive clusters [305]. Another study using ﬂu-
orescence photoactivation localization microscopy, was able to image distributions
hemagglutinin, which is commonly associated with lipid rafts, with subdiﬀrac-
tion resolution in live cells and reported that the molecules from irregular clusters
from 40nm up to several micrometers supporting results previously reported by
electron microscopy [135]. Fluorescence correlation spectroscopy measurements in
live cells with high temporal and spatial resolution showed that raft markers were
found to be dynamically compartmented within tens of milliseconds into small
microdomains that are sensitive to the cholesterol and sphingomyelin levels [186].
1.3.2 Regulation of Lipid Rafts
1.3.2.1 Actin Cytoskeleton
It was hypothesized previously that lipid rafts generate a lipid platform with which
speciﬁc proteins associate. However, several studies reported more recently that
membrane proteins take an active role in lipid raft formation [55]. For example,
the lipid raft associated proteins Ras or hemagglutinin (HA) were found to be
organised in nanoclusters which are involved in lipid raft formation rather than to
assemble in preexisting domains [257, 135]. The cortical actin cytoskeleton is also
a membrane associated protein and well known for its interaction with the plasma
membrane [55].
In several proteomics studies it was found that DRM are particularly enriched in
with cytoskeletal proteins such as myosin, supervillin, vimentin and especially (al-
pha, beta, gamma) actin, indicating that the cytoskeleton could be important for
lipid rafts formation [356, 25, 229]. A study reported speciﬁc clustering of F-actin
and several lipid raft associated proteins by measuring the interactions in vivo
using FRET. Furthermore, by disrupting or enhancing the F-actin cytoskeleton
by using either latrunculin B (Lat B) or jasplakinolide respectively, the activity
of the raft associated enzyme Lck was either decreased or increased [54]. In ex-
periments with model membranes, actin network formation in homogenous model
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lipid membranes was found to be able to induces phase separation and hetero-
geneity therefore indicating an active role of actin network in linking organisation
of cytoskeleton with membrane organisation [191]. Using the polarity sensitive
cell membrane dye Laurdan and two Photon Microscopy revealed that membrane
order is highly dependent on caveolae and focal adhesions. Focal adhesions are
sites of high membrane order and enriched in phophorylated Caveolin1. Caveolin1
in combination with focal adhesions induces membrane order but Cav1-/- cells
still show higher lipid order at focal adhesions compared to surrounding regions
[107]. It was found that raft nanoclusters that are less than 20nm in diamenter
are associated with ﬁlamentous actin and activation of actin polymerisation and
attachment to the cell membrane upon activation signals leads to large scale clus-
tering of the raft nanoclusters into macrodomains [278]. Interestingly, cholesterol
depletion not only perturbs the spatial scale and interconversion dynamics of lipid
nanodomainsbut also cortical actin. The inhibition of cortical actin activity by
cholesterol depletion aﬀects the construction, dynamics and spatial organisation
of nanoclusters [114]. Lipid clustering by cortical actin in T cells was found to
require Rac and Vav1, which is a guanine nucleotide exchange factors (GEF) for
the Rho family of GTP binding proteins [355].
The mesh work of cortical actin ﬁlaments below the plasma membrane compart-
mentalizes the membrane into areas of 50-200nm in size. This produces a caging
eﬀect that can transiently hinder the diﬀusion of proteins in the plasma mem-
brane [55]. It was previously proposed this actin-based system of cytoskeleton
compartmentalization is responsible for membrane heterogeneity being linked to
transmembrane proteins known as the membrane mesh work model [176, 175] .
However, it current evidence shows that caging is mostly unspeciﬁc in nature and
therefore diﬀerent to the speciﬁc lipid raft protein clustering that actin ﬁlaments
were reported to generate. Furthermore, recent observations reported that the
time scale of the caging eﬀect on plasma membrane seems to be much shorter
than the lifetime of lipid rafts[55] .
The majority of studies indicate that the lipid-dependent microdomain organisa-
tion dictates the overall mobility of sphingolipid analogs and GPI-anchored pro-
teins. It was found that the observed actin-based cytoskeleton barriers are respon-
sible for the conﬁnement of the transferrin receptor protein but not GPI-anchored
proteins or sphingolipid analogs. A free-like diﬀusion was observed when both the
lipid-dependent and cytoskeleton-based organisations were disrupted, which sug-
gests that these are two main compartmentalizing forces at work in the plasma
52
membrane [186].
1.3.2.2 Lipid Rafts and Cell Signalling
Regulation of cell migration and spreading involves small GTPases such as Rac,
Rho and Cdc42 which are itself controlled by integrins. How integrin control the
activation of these small GTPases has long been unresolved. Shortly after the
initial lipid raft hypothesis based on experiments with polarized endothelial cells
[313], it was found that rafts mediate front-rear polarity in migrating cells, which
can be inhibited upon cholesterol depletion indicated that rafts might be involved
in the signalling process [197]. Small GTPases such as Rac, Rho and Cdc42, which
are activated upon recruitment to the cell membrane, were found to be preferably
located in lipid rafts based on ﬂuorescence colocalisation studies and analysis of
DRMs. Activation of Rac1 or Rho is dependent on lipid raft formation and can be
inhibited by cholesterol depletion resulting in a similar eﬀect observed upon cell
detachment in terms of targeting and eﬀector activation [69, 243].
It was found that integrin dependent cell adhesion itself regulates lipid raft for-
mation by controlling raft endocytosis. Using ﬂuorescently tagged lipid raft as-
sociated proteins, it was reported that integrin mediated cell adhesion correlates
with lipid raft abundance and lipid raft markers are rapidly endocytosed upon
cell detachment [69]. Integrin mediated cell adhesion especially in form of focal
adhesions show high membrane order, which depends partly on phosphorylation
of caveolin1 at Tyr14 that is localised to focal adhesion. Cell detachment leads
to a rapid caveolin independent decrease in membrane order followed by a slower
caveolin dependent decreased that correlates with endocytosis of lipid raft associ-
ated markers [107]. This in line with previous results that showed that caveolin is
involved in the internalisation of the lipid raft marker GM1 [249]. Endocytosis of
lipid rafts was found to again involve T14 phosphorylated caveolin, dynamin-2 and
F-actin [261] . More recently it was found that the small GTPase Arf6, which is
involved in endocytosis and cytoskeletal organisation, together with microtubules
is able to mediate endocytosis of lipid rafts into recycling endosomes endosomes,
which in turn regulates Ras dependent cell spreading [17].
The ligand-induced translocation of receptors into discrete microdomains in the
plasma membrane that concentrate essential components of the signalling pathway
represents a previously unappreciated step in signal transduction. Several studies
described speciﬁc signalling mechanism involving lipid rafts as a platform required
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for eﬃcient signal transduction from receptor towards downstream signalling. The
transmembrane glycoprotein CD44, involved in cellcell interactions, cell adhe-
sion and migration, binds to the ECM marcomolecule hyaluronan through its N-
terminal domain and interacts with cytoskeleton associated proteins such as ERM
on its C-terminal domain. CD44 is known as a raft associated protein and was
found to be able to induce assembly of integrin and Src signalling complex leading
to an increased cell matrix interaction via lipid rafts. CD44 induces translocation
of Src in rafts through its C-terminal domain as well as raft enrichment of integrin
beta-1 and therefore acts as a scaﬀold to help the assembly of this speciﬁc sig-
nalling complex in rafts that ensures eﬃcient and sustained signal transduction.
[181]. The raft associated glycosylphophatidylinositol-anchored receptor CD59
known as MAC-inhibitory protein induces signal transduction through formation
of molecular complexes with Src. It was found that CD59 cluster undergo peri-
ods of actin-dependent temporary immobilization, called STALL which is required
for recruitment and activation of associated signalling molecules[330]. This process
was shown to trigger the activation of the intracellular inositol-(1,4,5) triphosphate
(IP3)-Ca++ signalling pathway [329].
1.4 Phosphoinositides
Over half a century ago, the so-called phospholipid eﬀect, which describes changes
in membrane phospholipids turnover upon tissue stimulation, was discovered in a
variety of tissues. It was subsequently found that this eﬀect is caused by changes
in the turnover of phosphatidylinositol (PtdIns) and its phosphorylated products,
called phosphoinositides [137]. To date PtdIns have been implicated in nearly
all aspects of cell physiology [73] and achieve direct signalling eﬀects through the
binding of their head groups to cytosolic proteins or cytosolic domains of mem-
brane proteins via phosphotyrosine-binding modules through electrostatic interac-
tions with the negative charges of the phosphates on the inositol ring. The binding
strength of these interactions is quite low. However, more stable membrane-protein
interactions are produced when phosphoinositides cooperate with additional bind-
ing sites within the membrane.[18]. PtdIns play an important role in GTPases
activity by the recruitment of GTPase activating proteins (GAPs) and guanine
nucleotide exchange factors (GEFs) to membrane and regulation of GTPase eﬀec-
tors, which themselves are the main regulators of [73, 138]. Furthermore, PtdIns
and membrane bound GTPases often function as co-receptor in recruiting cytosolic
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proteins to speciﬁc membrane subcompartments. An examples of small GTPases
regulated by phosphoinositides are the Ras superfamily of small GTPases invoked
in many signalling events, actin regulation and organelle and vesicular transport
[22]. Additionally, the rare phosphoinositide PtdIns(3,4,5)P3 selectively recruits
GEFs and GAPs in combination with Akt and PDK-1 on the plasma membrane
resulting in the activation of the PI3K/Akt pathway discussed later on.
1.4.1 Inositol Phosphatases
PtdIns dephosphorylation is controlled by inositol phosphatases, which represent
a complex series of enzyme families that play critical roles in the regulation of
insulin signalling and glucose metabolism, the progression and invasion of cancer,
neurodegenerative diseases and myopathies and are implicated in the pathogene-
sis of many other human diseases. To date, more than 35 inositol phosphatases
have been discovered and were found to have an important role in signal transduc-
tion, mostly inhibiting or terminating signalling reactions similar to the protein
phosphatases analogues [77, 203]. Inositol phosphatases were characterized and
grouped into the following categories:
1.4.1.1 Inositol Polyphosphate 5-Phosphatases
The inositol polyphosphate 5-phosphatases are Mg2+-dependent phosphoesterases
that hydrolyze the 5-position phosphate from the inositol ring. There are 4 sub-
groups of these enzymes 5-phosphatases based on their distinct substrate speci-
ﬁcities for inositol phosphates and/or phosphoinositides[366]. Some are able to
hydrolyze all four 5-phosphatase substrates although with varying catalytic eﬃ-
ciency. Other inositol 5-phosphatases hydrolyze only substrates with a 3-position
phosphate group (i.e. Ins-1,3,4,5-P4 and PtdIns-3,4,5-P3) such as SHIP (SH2-
containing inositol phosphatase), which comprises SHIP1 (also known as INPP5D)
and SHIP2 (also called INPP5L1) [203]. SHIP1 is a well known regulator of prolif-
eration, diﬀerentiation, survival, activation, and migration, through its ability to
dampen down phosphatidylinositol-3-kinase (PI3K) and is believed to act as tumor
suppressor. Its downregulation results in an increased activation of both mitogen-
activated protein kinase (MAPK) and PI3K/Akt pathway leading to greater sur-
vival and more proliferation in mouse models [125]. SHIP2 is a well known reg-
ulator of insulin signalling and metabolism and is widely expressed in many cells
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and tissues beyond beyond hemaptopietic cells [318]. SHIP2 involved in cancer
remains controversial but it seems to play a role in promoting EGF-stimulated
Akt activation, possibly by regulating EGFR internalization. Upon growth fac-
tor/insulin stimulation or cell-matrix contact, SHIP2 translocates from the cytosol
to the plasma membrane where it regulates the actin cytoskeleton via association
with a number of cytoskeleton associated proteins including ﬁlamin, p130Cas, Shc,
vinexin and LL5beta [332]. SHIP2 was also reported to be involved in the regu-
lation of cell migration and polarity by restricting PtdIns(3,4,5)P3 localisation at
the leading edge in migrating cells. It was found that this process is controlled
by RhoA which is acting upstream of SHIP2 demonstrating a functional interac-
tion between RhoA and lipid turnover [163]. Other examples of 5-phosphatases
include SKIP, which was reported to play an important role in embryonic devel-
opment, insulin signalling and glucose metastasis possibly through regulation of
PI3K/Akt signalling, OCRL that contains an inactive Rho-GAP domain and is
involved in vesicular traﬃcking through interaction with clathrin as well as PIPP
also involved in decreasing PI3K/Akt signalling and directly opposes PI3K/Akt
mediated oncogene signalling [77].
1.4.1.2 Inositol Polyphosphate 4-Phosphatases
Inositol polyphosphate 4-phosphatases preferentially hydrolyze the D4 position
phosphate of target inositol head-groups and is classiﬁed based on substrate speci-
ﬁcity into the PtdIns(4,5)P2 4-phosphatases or PtdIns(3,4)P2 4-phosphatases [77].
PtdIns(4,5)P2 4-phosphatases hydrolyze PtdIns(4,5)P2 leading to the phospho-
inositide product PtdIns(5)P, which was reported to activate PI3K/Akt signalling
as well as Src activity in T-cell signal transduction and might be involved in
regulation of T-cell activity and homeostasis [119]. Important examples of Pt-
dIns(3,4)P2 4-phosphatases are PTEN and Myotubularins. PTEN is a tumor
suppressor, which major physiological target is PtdIns(3,4,5)P3 converting it into
PtdIns(4,5)P2. PTEN is therefore working in direct opposition to PI3K class one,
which is involved in the activation of cell growth, proliferation and polarity via
Akt activation [235]. Myotubularins dephosphorylates primary PtdIns(3)P and
PtdIns(3,5)P2 making it an antagonist of the class II and class III PI3K which are
involved in endosomal membrane homeostasis [188].
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1.4.2 Inositol Kinases
Phosphoinositide 3-kinases (PI3Ks) phosphorylate the 3-hydroxyl group of the in-
ositol ring of three species of PtdIns; namely, PtdIns, PtdIns4P and PtdIns(4,5)P2.
PI3Ks have been divided into 3 classes based on their substrate preferences and
structural features.
Class I PI3K are subdivided into class IA, consisting of the isoforms p110a, p110b
and p110g which bind the p85 type of regulatory subunit and class IB represented
by p110d which doesn't bind to p85 but interacts with the related subunits p87
and p101. GPCRs can activate Class I PI3Ks by transmitting their signal intra-
cellularly through the allosteric activation of heterotrimeric G proteins. The Gab
protein subunits of the heterotrimeric G proteins were reported to directly interact
and activate p110b and p110g [154, 174]. Activation of p110a and p110d isoforms
happens indirectly through GPCR induced activation of Ras and tyrosine kinases
[377]. Indeed, Ras is suggested to be the primordial route of Class I PI3K activa-
tion and acts through interaction with the subunits p85 and p87 upon activation of
tyrosine kinase pathways. It was indicated that the relative importance of Ras in
PI3K activation is stimulus dependent [156, 122]. PI3K Class I signalling outputs
are mainly based on its catalytic activity in generating the PtdIns(3,4,5)P3 and
eﬀect that is inhibited by phosphatases such as PTEN as discussed in the previous
section. Probably the best studied eﬀector of PI3K signalling is Akt and is dis-
cussed in the next section. Other eﬀectors include members of the Rac, Ras and
Arf families of GTPases through the regulation of their GEFs and GAPs [351]. It
was found that the regulation of these GTPases could occur in a PI3K class I iso-
form selective manner [244]. P85 was found to interact with small GTPases such
as Rac, Rho, Cdc42 and therefore provides an alternative route how PI3K could
act downstream besides through its generation of PtdIns(3,4,5)P3 small GTPases
[349]. Besides class I PI3K, class II PI3K were discovered on the basis of their
sequence homology with class I and PI3Ks rather than in a functional context
and their physiological roles are still poorly understood [350]. The Class III PI3K
is only represented by Vps34. Its regulation is unclear but could potentially in-
volve nutrients and GPCRs, which was reported to interact and activate Vps34 in
the endosomes upon pheromone signalling [319]. Although not having any phos-
phatase activity, PtdIns(3,4,5)P3-dependent Rac exchanger (P-REX) enzymes are
involved in the regulation of signalling events downstream of PI3K activation in a
phosphoinositide phosphatase-independent manner [77]. P-REX are activated by
bg subunits of heterotrimeric G proteins (Gbg) and by PIP3 generated by PI3K
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which synergistically cause translocation of P-REX from the cytosol to the plasma
membrane and subsequent activation [20]. P-REX exist in two isoforms (P-REX1
and P-REX2). Both isoforms were reported to be major guanine nucleotide ex-
change factors (GEFs) required for activation of the Rho-family GTPase. P-REX1
binds the mammalian target of rapamycin (mTOR), which is required to form TOR
complex 2 (mTORC2)-dependent Rac activation and can promote Akt activation
through activation of Rac1 in a positive feedback loop [134, 232]. P-REX2 was
reported to negatively regulate the 3-phosphatase activity of the tumor suppres-
sor PTEN towards its substrate PtdIns(3,4,5)P3. P-REX2 was also found to be
increasingly abundant in tumors [93].
1.4.3 Phosphoinositide Regulation of the Cytoskeleton
Rho-family GTPases are a major class of phosphoinositide eﬀectors and several
proteins invovled in actin formation such as Arp2/3 interact with phosphoinosi-
tide. Consequently, the net outcome of many phosphoinositide signaling events is
to reorganize the cytoskeleton via spatiotemporal regulation of actin machinery
[308]. The presence of PtdIns(4,5)P2 linked to the recruitment of various pro-
teins that modulate actin polymerization including WAVE, WASP, and the ERM
which stimulate actin polymerisation [289]. Furthermore, PtdIns(4,5)P2 was also
shown to inhibit coﬁlin, proﬁlin, and capping protein that inhibit actin ﬁbre for-
mation. Notably, RhoA/ROCK signalling that results in increased myosin light
chain phosphorylation is dependent on phosphoinositides. Several studies suggest,
that membrane recruitment of ROCKII downstream from Rho could depend on
localized PtdIns(3,4,5)P3 enrichment. Interestingly, Rho/ROCK pathway was also
shown to increase PTEN activity further underlining the interwoven interaction
between phosphoinositides and cytoskeleton regulation [339, 382].
The illustration below shows an overview of PtdIns variations on the plasma mem-
brane, the corresponding PtdIns kinases and phosphatases as well as major down-
stream eﬀector this work focuses on.
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Figure 1.2: Overview of PtdIns on the plasma membrane. Most important PtdIns illustrated
together with the relevant PtdIns kinases (green) PtdIns phosphatases (yellow) and
eﬀectors (red).
1.5 Akt/PKB Signalling
The serine/threonine kinase Akt, which is also known as the Protein Kinase B
(PKB) has emerged as one of the most important and versatile protein kinases
at the core of human physiology and disease. Activated by growth factors, cy-
tokines and other ligand independent stimuli it is involved in the regulation of di-
verse cellular processes including cell survival, growth, proliferation, angiogenesis,
metabolism and migration. Akt exist in three isoforms (Akt1/PKBa, Akt2/PKBb,
and Akt3/PKBg), which are all members of the AGC kinase family [207].
1.5.1 Akt Activation
1.5.1.1 PI3K dependent Akt Activation
Activated receptor tyrosine kinases (RTKs) activate class I phosphatidylinositol
3-kinase (PI3K) through direct binding or through tyrosine phosphorylation of
scaﬀolding adaptors, such as IRS1 [207]. Class I PI3K activation results into the
conversion of the phosphoinositide lipid PtdIns(4,5)P2 on the plasma membrane
into PtdIns(3,4,5)P3 and as well as PtdIns(3,4)P2 indirectly [352]. Both generated
phosphoinositide lipids can bind Akt directly via its pleckstrin homology (PH) do-
main, which therefore promotes its translocation to the inner leaﬂet of the plasma
membrane together with the phosphoinositide dependent kinase (PDK-1), which
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also contains a PH domain. Binding of Akt to PtdIns(3,4)P2 results in confor-
mational changes facilitating subsequent phosphorylation of Akt by PDK-1 on its
activation loop at Thr308, which activates its kinase function [32, 96, 207]. Further-
more, additional phosphorylation on Ser473 by rapamycin complex 2 (mTORC2)
has also been shown to have major impact on Akt activity [292]. As lowering
the PtdIns(3,4)P2 level results in a rapid downregulation of Akt signalling due to
its inability to be recruited to the plasma membrane, therefore activation of lipid
phosphatases such as PTEN converting PtdIns(3,4)P2 as discussed earlier have
an antagonistic eﬀect on Akt regulation [202]. The PtdIns(3,4,5)P3-dependent
Rac exchanger (P-REX), was shown to positively regulate mTORC2 while having
inhibitory eﬀects on PTEN therefore increasing the Akt activation as discussed
in the previous section. The Ser/Thr-speciﬁc phosphatase PHLPP works antago-
nistic to mTORC2 mediated phosphorylation of Akt on Ser473 and therefore has
inhibitory eﬀects on Akt activation [35]. Activated Akt phosphorylates and inac-
tivates tuberous sclerosis complex 2 (TSC2) and the proline-rich Akt substrate of
40kDa (PRAS40) as described in the next section. Both are mTORC1 inhibitors,
consequently its inactivation results in activated mTORC1, which itself activates
S6 kinase (S6K). Once active, both mTORC1 and S6K can phosphorylate serine
residues on IRS1, which targets IRS1 for degradation, and this serves as a negative
feedback mechanism to attenuate PI3K- Akt signaling [207].
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Figure 1.3: PI3K mediated activation of the Akt pathway.
1.5.1.2 PI3K independent Akt Activation
Several PI3K independent Akt upstream activator were already reported [202] and
summarized in the Table below. Ack1, an ubiquitously expressed nonreceptor ty-
rosine kinase, which integrates signals from a multiple ligand-activated RTKs to
modulate activity of intracellular tumor suppressor proteins and steroid receptors,
was found to phosphorylate Akt at Tyrosine 176. Tyr176-phosphorylated AKT
preferentially binds another membrane phospholipid, phosphatidic acid (PA) as
opposed to PI3K activated AKT which speciﬁcally binds PIP3, facilitating its
translocation to plasma membrane independent of PI3K. Over active Ack1 is im-
plicated to induce cancer development [201]. Another nonreceptor tyrosine kinase
called protein tyrosine kinase 6 (PTK6) has also been shown to directly phospho-
rylate AKT at Y315/326 and promote its activation in response to EGF. PTK6
phosphorylation of Akt is highest in lower EGF concentrations and is suggested to
have a role in tumor development [388]. TRIF/TANK-binding kinase 1 (TBK1)
was found to activate Akt in marcophages which then itself plays an important
role in cellular antiviral responses by the activation of IRF3 and expression of type
1 IFNs as well as cell survival [159, 239]. IKBKE was also reported to activate
Akt through direct phosphorylation independent of PI3K/PDK1/mTORC2 and
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the pleckstrin homology (PH) domain and induces oncogenic transformation [120].
Another study found, that IKBKE, which is a Ser/Thr kinase that plays a critical
role in interferon mediated anti-viral immunity together with TBK1 activate Akt.
However, this mechanism was reported to be dependent on PI3K signalling [375].
Additionally, DNA damage induced by radiation results in activation of DNAPKcs
by autophosphorylation. DNAPKcs also phosphorylates Akt directly at Ser473
and thereby preventing DNA damage induced apoptosis [33]. Non-receptor pro-
tein tyrosine kinase c-Src has been shown to trigger Akt activation indirectly by
interaction and activation of PDK-1 through its SH2 domain [378]. It was also
one of the ﬁrst tyrosine kinases shown to directly phosphorylate AKT/PKB at
highly conserved tyrosine residues, Y315 and Y326, that were found to be impor-
tant for Akt activation [202]. c-Src is bound to the cytosolic side of the plasma
membrane, interacts with a variety of integrin receptors and has been shown to
be involved in integrin dependent adhesion and migration [283]. Interestingly, it
was indicated by a recent study, that c-Src activity is linked to lipid rafts. It
was found, that glycosylphosphatidylinositol- anchored membrane protein CD24
interacts with and promotes the activity of c-Src within lipid rafts in breast cancer
cells, thereby increasing integrin-dependent adhesion [21].
Table 1.1: Overview of kinases other than PI3K that were reported to activate Akt through
direct phosphorylation.
1.5.2 Akt Signalling Output
Minimal recognition motif of Akt was identiﬁed to be R-X-R-X-X-S/T-B with X
being any amino acid and B a bulky hydrophobic residue. Especially the argi-
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nine residues distinguishes the substrate speciﬁcity from that of other mitogen-
stimulated ABC kinases. Currently no other motif was identiﬁed that is eﬃciently
phophorylated by Akt [7]. A literature research by B. Manning and L. Cantley
found more than 100 reported Akt substrates[207]. However, many these sub-
strates don't contain minimal requirements for an Akt phophorylation site such as
the minimal recognition site and are based on only poor experimental evidence.
Only 18 Substrates are based on multiple independent reports and 10 of which
have known downstream targets and cellular eﬀects as of now as summarized in
the the table below.
Table 1.2: Overview of the main Akt substrates and downstream eﬀectors identiﬁed so far.
Probably the best known cellular process regulated by Akt is cell survival. Akt
enhances survival by negatively regulating the proapototic Bcl-2 homology domain
3 (BH3)-only proteins such as BAD, which are inhibitors of prosurvival proteins of
the Bcl-2 family. Akt has shown to directly phosphorylate and inhibit BAD [67].
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Besides direct phosphorylation, Akt inhibits BH3-only proteins also via phospho-
rylation and inhibition of transcription factors such as FOXO and p53. FOXO
is phosphorylated by Akt in the nucleus resulting in its displacement from target
genes and subsequent export from the nucleus resulting in a downregulation of
several FOXO target genes that promote apoptosis such as the BH3-only protein
BIM [342]. P53 is inhibited upon phophorylation and activation of the ubiquitin
ligase MDM2 by Akt resulting in translocation of MDM2 into the nucleus where
it triggers p53 degradation. This results in downregulation of the p53 target genes
encoding the BH3-only proteins Puma and Noxa [216]. Besides via regulation
of BH3-only proteins, Akt was found to enhance survival by inhibiting GSK3b
through direct phophorylation. GSK3b interacts and inhibits the prosurvival fac-
tor MCL-1 a member of the anti apoptotic Bcl-2 family which itself inhibits the
processing of caspase-9 that triggers cell apoptosis [213]. Furthermore, besides
GSK3b/Bcl-2 mediated inhibition of caspase-9 processing, Akt can directly phos-
phorylate caspase-9 resulting in the inhibition its protease activity [44]. Akt sig-
nalling also has an important indirect eﬀect on cell survival through regulation of
nutrient update, metabolism and the mitochondrial membrane potential [274].
Akt promotes cell growth in response to growth factors such as Insulin predom-
inately through activation of the mTOR complex 1 (mTORC1), which regulates
translation initiation and ribosome biogenesis [207]. mTORC consists of the of the
target of rapamycin (TOR) and TOR-associated proteins. TOR was ﬁrst identiﬁed
by its ability to mediate growth inhibitory properties of the immunosuppressive
rapamycin and includes a domain that binds rapamycin directly when associated
to the intracellular co-factor FKBP12 called FRP as well as a Kinase domain [2].
TOR exists in two isoforms TOR1 and TOR2, its interaction with diﬀerent assem-
bly proteins results in two diﬀerent complexes mTORC1 and mTORC2. While
mTORC1 is rapamycin sensitive and involved cell growth, mTORC2 does not me-
diate rapamycin induced inhibition of cell growth and has primary be reported to
be involved in actin organsiation mainly through regulation of the small GTPases
Rho and Rac [371]. mTORC1 is activated upon phosphorylation of a speciﬁc site,
which was found not to be done by Akt directly. Akt activates another kinase
called S6K1 which positively regulates protein synthesis and metabolism and itself
interacts and phophorylates mTORC1 [53]. Additionally, Akt inhibits the tuber-
ous sclerosis complex 2 (TSC2 or tuberin), which is a well known negative regulator
of mTORC1 and tumor suppressor, by direct phophorylation. Inactivated TSC2
releases its binding partner TSC1, which itself strongly activates mTORC1 via
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activation of the small G protein Reb [371]. Additionally, Akt was found to phos-
phorylate and inactivate the proline-rich Akt substrate of 40kDa (PRAS40), which
itself acts as an mTORC1 inhibitor therefore positively regulating the mTORC1
activity by a diﬀerent mechanism that through TSC1 [290]. Akt can stimulate cell
proliferation through regulation of several downstream targets involved in cell-
cycle regulation [207]. Furthermore, Akt was shown to induce Glut4 translocation
to the plasma membrane as a response to insulin stimulation resulting into glucose
uptake. This process appears to be at least partly mediated by phosphorylation
and inhibition of the Rab-GAP AS160 by Akt.
Akt was shown to phosphorylate p27, a cyclin -dependent kinase inhibitor, trig-
gering its cytosolic sequestration resulting in attenuation of its cell cycle inhibitory
eﬀects [354]. Furthermore, through inhibition of GSK3b, Akt promotes G1-to-S-
phase cell cycle transition. As GSK3b targets G1 cyclins such as cyclin D and
cyclin E as well as the transcription factors c-myc and c-jun for protesomal degra-
dation. Inhibition of GSK3b by Akt enhances the stability of these proteins [364].
Akt has also been shown to be involved in the regulation of other cell cycle phase
transitions namely the G2/M phase of the cell cycle where it promotes progres-
sion into mitosis even in presence of DNA damage by directly phosphorylating the
DNA damage checkpoint Chk1. This Akt induced checkpoint defect is caused by
loss of the PTEN tumor suppressor [264]. Besides its involvement in cell growth
mTORC1 is also a critical regulator in cell proliferation. mTORC1 activates sev-
eral cell cycle progression promoting target proteins such as cyclin D1 and c-myc
[16].
Furthermore, Akt plays important roles in both physiological and pathological
angiogenesis through eﬀects in both endothelial cells and cells producing angiogenic
signals, such as tumor cells. Besides contributing to endothelial survival via its
anti-apoptotic eﬀect, Akt activity also results in endothelial nitric oxide (NO)
synthase (eNOS) activation through direct phosphorylation. The release of NO
produced by activated eNOS can stimulate vasodilation, vascular remodeling, and
angiogenesis [74].
1.6 b-catenin Signalling
b-catenin is found in three primary cellular localizations. A pool is associated
with the plasma membrane, where it is bound to cadherins and a-catenin to form
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adherens junctions. It is believed that it accumulates here as an essential com-
ponent of junction physiology when incoming signals fail to activate its nuclear
translocation [42]. However, the regulatory role of b-catenin is much better stud-
ied in the other localization, the soluble pool in the cytosol, from where it gets
translocated into the nucleus to interact with speciﬁc transcription factors upon
appropriate stimulation. It is known that the factors responsible for the stimula-
tion are the external ligands Wnts [46]. The name Wnt results from a fusion of
the name of the Drosophila segment polarity gene wingless and the name of the
vertebrate homolog, integrated or int-1 [368]. The combined observations made
in invertebrates and vertebrates delineated a highly conserved signalling pathway
[58]. Wnts act by binding to the seven pass transmembrane receptor Frizzled
(Fz). For this binding, Fzs cooperate with a single-pass transmembrane molecule
of the LRP family known as LRP5 and-6 in vertebrates [24]. Although it has not
yet been demonstrated that Wnt molecules from trimeric complexes with LRP5/6
and Frizzled, surface expression of both receptors is required to initiate Wnt signal
[58]. The signal is then transduced to the cytoplasmic phosphoprotein Dishev-
elled (Dsh) through direct interaction of Dsh with Fz [358]. Another Wnt receptor
identiﬁed is Derailed, a transmembrane tyrosine kinase receptor from the RYK
subfamily, which has been proposed as coreceptor of Fz, as Derailed is also able to
bind to Dsh. But signalling events downstream of this alternative Wnt receptor
remain unclear [194]. At the level of Dsh, the Wnt signal branches into two dif-
ferent transduction cascades: The canonical or Wnt/b-catenin dependent and the
non-canonical/b-catenin-independent pathway [124].
1.6.1 b-catenin Activation
1.6.1.1 Canonical b-catenin Pathway
Wnt binding to the receptor complex composed of Fz and LRP5/6 induces acti-
vation phosphorylation of the cytoplasmic tail of LRP mediated by either CK1 or
GSK3. Wnt mediated activation of Fz and LRP5/6 membrane receptors is antag-
onized by WIF and sFRP proteins, which bind directly to secreted Wnts and/or
Fz. Additionally, DKK-1 and SOST proteins bind LRP5/6 to prevent Fz-LRP6
complex formation and Shisa proteins trap Fz in the endoplasmic reticulum [198].
Phosphorylation of the cytoplasmic tail of LRP leads to membrane translocation of
Axin, which is a key negative regulator of Wnt signalling, by binding to the phos-
phorylated cytoplasmic tail. It was also found that Wnt stimulation regulates the
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stability of Axin, by inducing its dephosphorylation and subsequent cytoplasmic
decrease [340]. Additionally, Dishevelled (Dvl) also binds to Fz and Axin possibly
by formation of a heterodimer with axin through their respective dishevelled-axin
domains [58, 386]. Once Dvl is bound to the Lrp, it inhibits the activity of the
GSK3 enzyme, and activates a complex series of events that lead to the prevention
of degradation of b-catenin and its consequent stabilization and accumulation in
the cytoplasm [130]. Stabilized b-catenin then translocates into the nucleus by
a mechanism that remains poorly understood. b-catenin itself has no nuclear lo-
calization sequence (NLS), nor does its entry into the nucleus appear to require
the function of the importin proteins or the Ran-mediated nuclear import [88]. In
the nucleus b-catenin activates transcription of speciﬁc target gens by acting as
a transcriptional co-activator. A large number of binding partners have been un-
covered. The best characterized are the members of the LEF/TCF DNA-binding
transcription factors. In the absence of Wnt, Tcf acts as a transcriptional repressor
by forming a complex with Groucho/Grg/TLE proteins [169]. b-catenin acts by
physically displacing Groucho from Tcf/Lef and interacting with the N-terminus
of Tcf, which converts it into an activator of Tcf target genes [65]. It has also been
reported that b-catenin can be transported back to the cytoplasm by an active pro-
cess involving Axin. Axin was reported to act as a chaperone for b-catenin and that
nuclear-cytoplasmic shuttling of Axin regulates the nuclear-cytoplasmic distribu-
tion of b-catenin [88]. The adenomatous polpyposis coli (APC) is a large protein
that interacts with both b-catenin and Axin. It contains three Axin-binding motifs
that bind b-catenin. Although it is clear from studies on colorectal cancer that
APC is essential for destruction complex function, its speciﬁc molecular activity re-
mains unresolved. APC has been found to have a highly conserved nuclear export
signal and in mutated APC with no functional nuclear export signal, b-catenin is
accumulated in the nucleus. This suggests that APC plays an important role in
nuclear b-catenin export [282].
In absence of the soluble Wnt ligands, Fz/LRP receptors are not engaged. As a
consequence, the so called destruction complex is formed consisting of Axin that
acts as the scaﬀold protein, APC, WTX, and two constitutively active serine-
threonine kinases CK1 and GSK3 as well as b-catenin [59]. Within this complex,
CK1 and GSK3a/b sequentially phosphorylate b-catenin at a series of highly con-
served Ser/Thr residues near its N terminus. Phosphorylated b-catenin is then
recognized by the F box/WD repeat protein b-TrCP, a component of a dedicated
E3 ubiquitin ligase complex . As a consequence, b-catenin is ubiquitinated and
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targeted for rapid destruction by the proteasome [1]. Therefore, the destruction
complex regulates the stability of cytoplasmic b-catenin and is the key negative
regulator of b-catenin signalling. It is of note that the CK1 and GSK3 kinases
perform paradoxical roles in the Wnt pathway. At the level of the LRP coreceptor
they act as agonists, whereas in the destruction complex they act as antagonists
[58].
The illustration below summarizes the active and inactive state of the canonical
b-catenin pathway.
Figure 1.4: Active and inactive state of the canonical β-catenin pathway.
1.6.1.2 Non-Canonical b-catenin Pathway
The non-canonical planar cell polarity pathway (PCP pathway), signals down-
stream of the actin cytoskeleton and appears to be independent of transcription.
In the PCP pathway, Wnt signal is mediated through Fz independent from the
LRP5/6 co-receptor [132]. The signal is then transduced to Dsh, leading to its
activation. Dsh then further activates the small GTPase Rho and Rac leading to
cytoskeletal modulations. It was shown that overexpression or downregulation of
Dsh leads to disruption of its membrane localization and cell polarity [358, 102].
Another pathway, the Wnt/Ca2+ pathway, emerged with the ﬁnding that some
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Wnts and Fz receptors can stimulate intracellular Ca2+ release from endoplasmic
reticulum (ER) and this pathway is dependent on G-proteins [320]. It is believed,
that this pathway potentially inﬂuences both the canonical and the PCP pathway
[358]. Several studies report a role of the Wnt/b-catenin pathway in mechanical
signal transduction in bone biology. In an in vivo study it was found, that Lrp5-
deﬁcient mice (Lrp5-/-) have a poor mechanical response to loading [294]. By
applying acute mechanical strain to preosteoblasts in vitro, a strain induced up-
regulation of several target genes of b-catenin was reported [275]. In line with that
are the results from a similar in vitro study using MSCs exposed to acute strain,
which also resulted in an activation of b-catenin. It was found, that daily load-
ing increased the b-catenin signal duration, and suppressed PPARg induction of
adiponectin and lipid droplet accumulation. At the same time, mechanical strain
activated the b-catenin pathway through alteration of GSK3b phosphorylation via
Akt [303].
1.6.2 b-catenin Signalling Output
Many target genes of Tcf in diverse biological systems have been identiﬁed. Be-
sides its role of Wnt/b-catenin signalling in development, probably among the best
studied Wnt/b-catenin signalling eﬀectors are c-myc and Cyclin D1, which are key
players in cell proliferation control and cancer. There are many diﬀerent additional
eﬀectors however the majority of them seem to be cell type speciﬁc [58].
Wnt/b-catenin signalling plays an important role in stem cell regulation and self
renewal of tissue [59]. Examples are multipotent epidermal stem cells, which re-
side in the bulge region of the hair follicle. Wnt/b-catenin signaling together
with Lef1 is required for the establishment of the hair follicle and remains crucial
throughout their life [193]. Hematopoietic stem cells (HSCs) themselves as well as
the bone marrow microenvironment can produce Wnt proteins and Tcf reporters
are active in HSCs in their native microenvironment.Soluble Wnt proteins and
b-catenin activation were found to promote the proliferation and to inhibit the
diﬀerentiation of murine hematopoietic progenitors as well as sustain self-renewal
of HSCs [271]. Furthermore, probably best studied is the involvement of Wnt/b-
catenin signalling in skeletal development and bone and cartilage formation by
regulation of mesenchymal stem cell diﬀerentiation and maintenance. The ﬁrst
hint that Wnt molecules and b-catenin are involved in chondrocyte maturation
and osteoblastogenesis came from gain of function experiments in chicken [129].
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Later on, this was conﬁrmed by clinical observations of several human patients
having a dominant positive mutation in Lrp5 leading to high bone mass. In con-
trasts, dominant negative mutation of Lrp5 in patients was associated with low
bone mass [46]. These observations have later on been conﬁrmed by Lrp5 loss-
of-function and gain-of-function studies in mice [157]. Besides studies based on
postnatal changes in bone, the role of the canonical Wnt was also shown to be re-
quired for osteoblast diﬀerentiation during embryogenesis as loss of mesenchymal
b-catenin resulted in an early osteoblast diﬀerentiation arrest and is required to
repress diﬀerentiation of mesenchymal stem cells into chondrocyte lineages [136].
Conditional ablation of b-catenin was shown to lead to loss of both chondrogenic
and osteoblastic diﬀerentiation [68]. Moreover, it was found that Wnt signalling
inhibits adipocytes diﬀerentiation. 3T3-L1 preadipocytes treated with LiCl to in-
hibit GSK3b or transfected with a GSK3b -phosphorylation defective b-catenin
mutant (b-catenin-S33Y) failed to diﬀerentiate into adipocytes. In contrast, ex-
pression of dominant negative TCF4 which cannot be activated by b-catenin but
does bind to TCF/LEF consensus binding sites or axin induces adipogenesis [284]
[23]. In line with that it was found by another study, that preadipocytes diﬀerenti-
ation is accompanied by an extensive down-regulation of b-catenin. Furthermore,
a reciprocal relationship between b-catenin and PPARg was found as PPARg ex-
pression leads to targeting of b-catenin to the proteasome [223].
The table below summarises some of the main Wnt/b-catenin signalling target
genes:
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Table 1.3: Overview of some of the main Wnt/β-catenin target genes.
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1.7 SMAD Signalling
The process of intracellular signal transduction from membrane-bound receptors
into the nucleus downstream of transforming growth factor b (TGFb) superfamily
ligands is mostly mediated by signalling proteins called SMAD, which not only
transduce the signal from the membrane into the nucleus, but as transcription
factors also execute the downstream response by directly regulating gene expression
[296]. So far, 8 mammalian Smad proteins have been isolated and are designated
Smad1 through Smad8 [322, 293, 301]. All Smad consist of two globular MH
domains and a linker and are divided into three groups according to their functions
[310]. The ﬁrst group are receptor regulated Smads (R-Smads), which include
Smads1, 2, 3, 5 and 8. These Smad proteins bind to membrane bound to TGF
family of serine/threonine receptors, and are activated by the kinase activity of the
receptors. Smads 1, 5, and 8 serve principally as substrates for the BMP and anti-
Muellerian receptors, and Smads 2 and 3 for the TGF, activin, and Nodal receptors.
The second group consist only of Smad4, also referred to as Co-Smad, which
serves as a common partner for all RSmads to form a complex that translocates
into the nucleus. The third group comprises the inhibitory Smads (I-Smads),
which includes Smads 6 and 7. These two Smads exert an inhibitory eﬀect on the
signalling cascade by various mechanisms [211].
1.7.1 Smad Activation
Prior to Smad activation TGFb signalling pathways start by TGFb ligand in-
duced activation of the membrane receptors. TGFb ligands bind to pairs of the
serine/threonine kinases TGFb type I and type II receptors resulting in a hetero-
tetrameric receptor complex [66]. In this complex, TGFb-receptor type II phospho-
rylates a speciﬁc region called GS in the cytosolic part of type I receptor resulting
in disassembly of FKBP12. Disassembly of FKBP12 allows RSmad to bind to
the GS region, which results in their phosphorylation by the type I receptor [146].
Another domain in the type I receptor is responsible for the substrate speciﬁcity
of RSmads and diﬀerent types of type receptors. Smads 2 and 3 recognize the so
called ALK5, ALK2 and ALK7 TGFb type I receptors whereas Smads1,5 and 8
recognize ALK1, ALK3 and ALK6 [211]. Phosphorylation of RSmads increases
the aﬃnity for nuclear factors and decreases their aﬃnity for cytoplasmatic an-
chors [211]. Cytoplasmatic anchors are cytoplamic Smad binding factors such as
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SARA (smad anchor for receptor activation), which has a binding domain for the
MH2 region of RSmads as well as a FYVE binding domain for phohatidyl inositol
3-phosphate [345, 72]. Interaction of RSmads with SARA results in anchorage to
the intracellular side of the plasma membrane and therefore no nuclear transloca-
tion. On the same time, plasma membrane recruitment and regional restriction
to early endosomes by SARA facilitates RSmad interaction and subsequent acti-
vation with TGFb-receptor [211]. Another cytoplasmic protein with the FYVE
binding domain called Hgs has found to cooperate with SARA on TGFb-receptor
mediated Smad phosphorylation [72]. Therefore, SARA seems to be important in
initating signals induced by TGFb ligands by enhancing receptor mediated RSmad
phosphorylation and at the same time inhibiting RSmad signalling in basal con-
ditions in absence of ligands and receptor activation. It is therefore also believed
to be responsible why RSmads are predominately concentrated in the cytoplasm
in the basal steady state [376]. Upon TGFb-receptor mediated phophorylation of
RSmads, the binding aﬃnity of RSmad and SARA decreases allowing dissociation
and movement into the nucleus[369][211]. Furthermore, as the same binding site
of SARA in RSmads interacts with nuclear pore components, nuclear interacting
factors and speciﬁcally Smad4, this surface creates mutually exclusive interactions
and therefore competition between these factors. Receptor mediated phosphoryla-
tion of RSmads results in creating a binding site for Smad4 followed by formation
of RSmad-Smad4 complex [211, 376]. Together with RSmad binding transcrip-
tion factors, Smad4 association with RSmad in the nucleus retains RSmads in
the nucleus when phosphorylated. Dephosphorylation and dissociation of Smad
transcriptional complexes are thought to end this retention, allowing the export
of RSmad out of the nucleus [150]. Nuclear export of Smad4 was found to be
dependent on, or at least enhanced by CRM1, which binds Smad4 only when not
associated to RSmads. Therefore, when RSmads are dephosphorylated and the
complex dissociates, the Smad4 NES becomes exposed again and nuclear export
of Smad4 by CRM1 can proceed [254]. RSmads can directly bind to DNA through
their MH1 domain [311]. However, the binding aﬃnity of the RSmad DNA bind-
ing domain is very low and for how aﬃnity DNA binding DNA-binding cofactors
are incorporated into the RSmad-Smad4 complex. So far which phosphatases are
responsible to deactivate RSmad is still under intensive investigation [40]. De-
phosphorylation of RSmad is followed by dissociation of RSmad-Smad4 complex
and export of both components to the cytoplasm. Negative Feedback in the Smad
signalling pathways is mediated by induction of inhibitory Smads (ISmads) Smad6
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and Smad7 [151]. Studies demonstrated that ISmads bind to type I receptors and
therefore potentially act as competitive inhibitors of RSmads in receptor medi-
ated phosphorylation and TGFb signal activation [131]. Other studies showed
that ISmads are able to interact with other molecules such as SMURF or GDD34
which itself inactive TGFb receptors by either degradation or dephosphorylation
TGFb [296]. Additionally, an inhibitory role of ISmads in the nucleus was sug-
gested based on the fact that ISmads can bind Smad responsive elements on DNA
through their MH2 domain and therefore might inhibit Smad dependent promoter
activation [387].
1.7.2 TGFb/Smad Signalling Output
TGFb/Smad signalling regulates many cellular functions including cell growth, ad-
hesion, migration, cell-fate determination and diﬀerentiation, and apoptosis. They
have a fundamental role in embryonic development and malfunctions are associ-
ated with many serious diseases such as cancer, ﬁbrosis, wound-healing disorders
and several hereditary conditions [210] [29]. TGFb signalling is playing a major
role in many every aspect of development [322]. In chondrogenesis, Smad proteins
are ubiquitously expressed but depending on the stage of development, diﬀerent
Smads are active. RSmads 1,5 and 8 appear to mediate the majority of BMP
eﬀects in chondrogenesis. Smad3 is suggested not to play an important function
in early chondrogenesis but was found to be essential in maintaining acticular car-
tilage by preventing hypertrophic diﬀerentiation [379]. In osteogenesis, signalling
induced by the TGFb ligand BMP is tightly related to runt related factor (Runx2).
Runx2 works together with RSmads by direct binding in a transcriptional activator
complex resulting in activation of osteogenic target genes such as the osteogenic
transcription factor Osterix [3] Furthermore, RSmads can also activate Msx2 and
Dlx5 upon BMP induction, which both are factors activating Osterix expression
[309]. Inhibition of cell proliferation is a central output of TGFb ligand induced
signalling among many diﬀerent cell types including epithelial, endothelial and
mesenchymal cells [210]. TGFb signalling mediates cell growth arrest through
inhibition of cyclin-dependent kinases (cdks), mainly cyclin D dependent kinases
cdk4 and cdk6, as well as downregulation of the transcription factor c-myc, a
ubiquitous promoter of cell growth and proliferation [127].
74
1.7.3 Crosstalk with other Pathways
1.7.3.1 Wnt/b-catenin Pathway
It was found that the TGFb ligand BMP2 results in down regulation of Wnt7a
and b-catenin, which leads to enhanced chondrogensis [195]. Besides on the level
of ligands, it was also found that crosstalk occurs on the transcriptional targets.
Smad4 and b-catenin were found to form a transcriptional activation complex
together with Lef1 activating the expression of Wnt target genes such as twin
even in absence of TGFb ligands. Further studies showed a direct interaction
of Smads2,3 and 4 with Lef1/TCF in mammalian cells [177]. On a cytoplasmic
signalling intermediates level, a cross-talk between these pathways was found to
occur through regulation of GSK3-b activity through Wnt signalling resulting in
stabilization of Smad1 [99]. Interestingly, TGFb has been shown to increase b-
catenin nuclear accumulation in human bone marrow derived mesenchymal stem
cells. This process involves direct interaction of Smad3 with b-catenin. Knock-
down of Smad3 abolished the eﬀect [155].
1.7.3.2 PI3K/Akt Pathway
It was reported in several cell types that PI3K/Akt signalling antagonises the pro-
apoptotic eﬀects induced by TGFb signalling. The apoptotic eﬀect induced by
TGFb is mediated through Smad3 and PI3K/Akt mediated restriction was found
to involve a direct interaction of Akt with Smad3 [121]. Furthermore, TGFb
was reported to activate PI3K/Akt signalling independent of Smads potentially
involving interaction of PI3K and TGFb type I receptor and activation of the
mTOR pathway [224].
1.7.3.3 MAPK Pathway
MAPK pathways are divided into three distinct pathways: Erk1/2, JNK1/2/3 and
p38/MAPKs. MAPKs were reported to phosphorylate RSmads at the linker region
have diﬀerent eﬀects on their signalling [121]. On the other hand, TGFb ligands
have been shown to activate several MAPKs pathways such as TAK1/p38 as well
as Erk/MAPK [266][224]. The MAPKK (MAP kinase kinase) TAK1 regulates cell
survival, diﬀerentiation, and inﬂammatory responses through its activity on p38
and JNK [357]. TAK1 is a known to be activated by TGFb, which is mediated by
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TNF-receptor-associated factor 6 (TRAF6), which associates with TGFb type I
upon TGFb signal induction [178]. Erk/MAPK pathway is activated by a number
of growth factors including TGFb, which are frequently upregulated in cancers.
A particular example of TGFb induced Erk/MAPK signalling was found in the
epithelial-mesenchymal transition (EMT), which can be induced by TGFb medi-
ated through Ras-Erk/MAPK signalling [153]. The TGFb type II is suggested to
play a key role in promoting EMT through its tyrosine kinase activity and results
in increased Erk1/2 activation when overexpressed [19].
1.7.3.4 Small GTPases
TGFb causes the activation of the small GTPase Cdc42 in prostate cancer, which
controls various cellular processes such as cell morphology, migration, endocyto-
sis and cell cycle progression [357]. TGFb has also been shown to cause Rho
degradation in a manner dependent upon ligand initiated eﬀects of TGFb receptor
type II, which might be responsible for for the TGFb dependent cell adhesion and
migration eﬀects [242][224].
1.8 Cell studies with Micropatterns
Cells in situ within tissues are embedded into a highly structured microenviron-
ment, the ECM. Depending on the tissue and stage of development ECM has been
found to diﬀer in composition of its major components: collagens, elastins, pro-
teoglycans, ﬁbronectins and laminins, which all oﬀer diﬀerent binding motifs for
speciﬁc cell surface receptors to trigger diﬀerent intracellular signalling pathways.
The ECM can diﬀer not only in composition but also in structure at the micro-and
even nano-scale, which can lead to a change of the availability of the ECM bind-
ing motifs to cell surface receptors by diﬀerent orientation and position of ECM
proteins organized in ﬁbres [327]. The ECM not only inﬂuences cell behaviour
by changes in composition and molecular structure, it also creates a cellular en-
vironment, which imposes boundary conditions that limits cell volume and cell
spreading, leading to speciﬁc cell architecture and mechanics [336] However, these
important properties of the cell microenvironment are completely abrogated under
classic cell culture conditions. In a Petri dish, cells encounter a homogeneous ad-
hesion substrate that is ﬂat, rigid and vast, and thus has little in common with the
characteristics of the in situ microenvironment. Such conditions have been used
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for decades to stimulate cell growth and to keep cells alive out of the context of
their native tissue but, nevertheless, they remain highly artefactual. By contrast,
micropatterning methods allow the reconstitution of more tissue-like conditions
for in vitro cell culture [336].
1.8.1 Microcontact Printing Technique
Microcontact printing, (mCP) was initially developed by Whiteside's group in 1993,
for microelectronics applications and adapted it shortly afterward to produce sub-
strates for cellular patterning [316]. It is possible to directly stamp any kind of
protein on the substrate surface with high eﬃciency within less than a minute
but not in native conformation. The smallest reasonable structure size, which can
be achieved, is about 1mm. The stability of the micropatterns under cell culture
conditions is limited and depends on the pattern geometry, substrate composition
as well as on the adhesive and non-adhesive material [89]. The shape of micropat-
terned islands can be used to limit cell spreading and mimic the physiological and
spatial conﬁnement, which keeps cells in a more relaxed state. Furthermore, cell
studies on micropatterns allow a direct control of integrin ligation and, by using
diﬀerent pattern geometries, cell architecture. Micropatterning methods are be-
coming increasingly popular in biomedical research and have been used in several
groundbreaking cell physiological studies.
1.8.2 Cell shape-dependent changes of Cytoskeleton
It was found that cell contractility depends on cell geometry independent of cell
spreading. By using diﬀerent pattern geometries but constant adhesion area, it
was found that the convexity of cell edges and concave cell shapes leads to a
higher level of cell contraction [152]. In another study, adhesive micropatterns
were designed as such that the cell was forced to bridge over the non-adhesive
surface, which makes it possible to alter the adhesion area, while maintaining
a constant cell geometry and size. It was found that micropatterned cells with
diﬀerent adhesion contact distribution show similar total sum of tractional forces
but a diﬀerent spatial distribution [337]. By growing cells on micropatterned
surface of adhesive islands that are considerably smaller that the cell itself, cells are
forced to bridge from one adhesive island to the next when they spread. Therefore,
cell spreading can be controlled by the distance of the adhesive islands from each
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other while maintaining the number of adhesion binding motifs constant. Using
such a micropattern design, it was found that cells increase the number of focal
adhesion with increasing cell spreading independent of the number of integrin
binding [49]. Furthermore, by variation of the size of the adhesive islands it was
shown that stress ﬁbre formation requires a certain size of the focal adhesions
which is only formed on a substrate with a certain rigidity [112].
Cell shape is a critical regulator of cell cycle progression in anchorage-dependent
cells [148, 95]. This mode of growth control may play an important role in the
generation of localized growth diﬀerentials that drive tissue patterning during mor-
phogenesis by allowing subsets of cells that can spread in regions of accelerated
extracellular matrix (ECM) modeling to proliferate while neighboring compacted
cells remain quiescent [143].
1.8.3 Cell geometry-dependent Cell Cycle Progression
Studies using drugs, such as cytochalasin D (Cyto D), that disrupt microﬁlaments
have revealed that cells require an intact cytoskeleton for cell cycle progression
in anchorage-dependent cells. Cyto D treatment prevents cells passing through
the G1-S restriction point resulting in cell arrest in G1 [10, 30, 142, 149, 144,
287, 64, 300]. Cyto D and other drugs that inhibit the actin cytoskeleton also
inhibit early mitogenic signalling to the extracellular signal-regulated kinase (Erk)
subfamily of the mitogen-activated protein kinases (MAPKs) which itself causes
cell cycle arrest in G1 [141]. However it was shown that the eﬀect of cell cycle
arrest induced by Cyto D is most likely caused by its eﬀect on cell cytoskeleton as
studies disrupting cytoskeleton by using micropatterns that physically constrain
cells to micrometer-sized ECM islands or by lowering ECM coating densities on
otherwise nonadhesive substrates or induced cell detachment by trypsin also re-
sulted in cell cycle arrest at G1 despite normal activation of MAPK/Erk pathway
[142, 149]. Furthermore, by disrupting the cytoskeleton of G0 synchronized cells
at diﬀerent timepoints revealed a cell cytoskeleton dependent cell cycle checkpoint
at late stage G1 independent of early G1 MAPK/Erk signals that is required to
pass the G1-S boundary [144]. Small GTPases including the Rho family proteins
might be potential mediators of cell shape and cell cycle progression as they are
involved in cytoskeletal arrangements but also mitogenic signalling. Particularly
RhoA has been reported to play critical roles in cell-cycle progression through G1
phase by decreasing p27 levels and promoting synthesis of cyclin D1. These signals
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are elicited by integrin binding and mediated by Rac1 and cdc42 [220, 365, 109].
Interestingly, the cytoskeletal signalling molecule ROCK, which is activated by
RhoA and increases cell contractile forces by phosphorylation of myosin II light
chain, seems itself not to promote but to inhibit cell cycle progression. Pharma-
cological inhibition of ROCK was reported to promotes G1 progression and has
therefore opposite eﬀects as other drugs that inhibit the actin cytoskeleton. As
a possible explanation it was suggested that RhoA promotes G1 progression by
altering the balance of activities between its two downstream eﬀectors ROCK and
mDia1 as inhibition of mDia1 results in cell cycle arrest at G1 while ROCK has
opposite eﬀects [206].
1.8.4 Cell shape-dependent Proliferation
Using micropatterns cell geometry-dependent proliferation was investigated. The
ﬁrst study using micropatterning techniques in biology reported that cell conﬁne-
ment on an adhesive islands leads to reduction of cell growth and promotes diﬀer-
entiation of human epidermal keratinocytes [362]. Later it was found that highly
restricted cell spreading, by using square shape patterns with width of less than
10mm, even induces cell apoptosis of endothelial cells [50]. It appears that level
of contraction, which increases with cell spreading is responsible for cell growth
in highly spread cells [142]. However, later it was found that nuclear volume and
chromatin condensation had a shape dependence tightly coupled to proliferation
rates but not cell stiﬀness, contractility, or actin spatial organisation [276]. An-
other study reported that cell shape controls nuclear shape through underlying
adhesion geometry, suggesting that nuclear distortion in response to changes in
cell shape is a crucial parameter of cell proliferation [165]. Cell proliferation also
depends on cell-cell adhesion as down regulation of E-cadherin abrogates diﬀer-
ences in cell growth rates within a cell group as shown by manipulating cell-cell
interaction with micropatterns or molecular genetics [167]. This was conﬁrmed by
other studies using micropatterns to control the number of cell-cell junctions be-
tween endothelial cells. It was found that only few cell-cell junctions promote cell
growth [230] via PI3K signalling, whereas many inhibit it [115]. By analysis of cell
cycle arrested micropatterned cells it was found that cell shape and contractility
regulate ciliogenesis. Ciliogenesis is a process in nearly all eukaryotic cells, leading
to the formation of ciliae, which act as sensory and mobility organelles outside the
cell body. With traditional cell culture experiments it was found that ciliogenesis
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is dependent on cell conﬂuency and cell cycle arrest. However, as conﬂuency leads
to cell cycle arrest it is only possible by micropattern technique to study the two
eﬀects separately [255].
1.8.5 Cell geometry-dependent Diﬀerentiation of Single
Cells
Several studies report that cell contractility dictates stem cell fate. As mentioned
before, Watt et al. in 1988 reported a dependence of cell spreading and diﬀerentia-
tion of keratinocytes on micropatterns [362]. More recently, by using micropatterns
that either permit or prohibit cell-cell adhesion, the diﬀerentiation of keratinocytes
was also shown to be dependent on cell-cell contacts [48]. Contractility-dependent
diﬀerentiation has also been studied using human MSCs, which is of particular
importance because of the clinical signiﬁcance of hMSCs as promising autologous
source for regenerative therapies [162]. By using square patterns of diﬀerent sizes,
it was found that cell spreading directs hMSCs fate as larger cell patterns (10000
µm2) favoured an osteoblast fate, whereas smaller patterns (1024 µm2) promoted
adipogenesis. Medium sized patterns (2500 µm2) led to a mixed population of
adipocytes and osteoblasts. The small GTPase RhoA was identiﬁed as a key
player of cell spreading-dependent diﬀerentiation. It was found that RhoA activ-
ity was increased in larger, more osteogenic cell patterns compared to smaller ones.
Furthermore, if the downstream eﬀector of RhoA, ROCK, is inhibited without al-
tering the cell pattern shape, hMSCs diﬀerentiate mostly into adipocytes. The
dependence of diﬀerentiation on the degree of spreading was further conﬁrmed in
normal cell culture conditions by controlling cell densities [217]. More recently,
hMSC diﬀerentiation was found to be also dependent on cell geometries by keep-
ing cell spreading constant. In this study, hMSC diﬀerentiation in a 1:1 mixture
of adipogenic and osteogenic diﬀerentiation cues on micropatterns with diﬀerent
geometries but with a constant area of 2500 µm2 was analysed. Star-shaped cells
were shown to have higher cell contractility and diﬀerentiated preferentially into
osteoblasts whereas pentagon-shaped cells had a lower cell contractility and tent
to diﬀerentiate into adipocytes. The higher contractility in the star shape is in
line with the ﬁnding that concave shapes show higher contractility as mentioned
earlier. The importance of RhoA was again conﬁrmed as ROCK inhibition erased
the dependence of diﬀerentiation on geometry. Furthermore, in a microarray study
MAP kinase pathways and Wnt signalling were found to be up regulated in cell ge-
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ometry with higher cell contractility. This suggests that cell geometry-dependent
osteogenesis is enhanced through those two pathways [166]. Even more recently,
cell geometry-dependent diﬀerentiation was conﬁrmed with another micropattern
system in which cell patterns were produced by using RGD-coated gold micropat-
terns on a non-adhesive PEG-hydrogel. Similar to before, it was reported that
concave shapes promote osteoblasts formation. However, this tendency was ex-
plained by the perimeter of the cell borders on the adhesive micropatterns with
diﬀerent shapes [251]. Indeed, pattern geometries that lead to higher cell con-
tractility in general have a larger perimeter. In a study by Thery et al. it was
shown that the cell contractility regulated diﬀerent distribution of stressﬁbres is
independent of the cell perimeter but dependent of the adhesive pattern geometry
[337]. By using polystyrene micropatterns with diﬀerent shapes but same surface
area hMSC diﬀerentiation was studied in adipogenic diﬀerentiation medium. In
this study no cell geometry-dependent diﬀerences in lipid vacuoles based on an
oil red stain was reported [323]. Another study investigated the role of cell shape
in regulating TGF-b-induced hMSC diﬀerentiation in chondrocytes versus smooth
muscle cells using square shaped micropatterns with diﬀerent sizes. It was that
larger patterns allowing higher cell spreading lead to diﬀerentiation into chondro-
cytes whereas smaller patterns promoted diﬀerentiation into smooth muscle cells.
Interestingly, no signiﬁcant change in RhoA activity was found. In contrast, Rac1
activation inhibited chondrogenesis and was necessary and suﬃcient for inducing
SMC diﬀerentiation [103].
The table below shows an overview of studies that have been done about hMSCs
spreading and geometry-dependent diﬀerentiation.
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Table 1.4: Overview of the most relevant micropattern based studies of spreading and geometry-
dependent diﬀerentiation of hMSCs
1.8.6 Cell geometry-dependent Diﬀerentiation of Cell
Groups
The eﬀect of contractility-dependent diﬀerentiation can also be observed in geo-
metrically controlled cell groups. hMSCs diﬀerentiate either into adipocytes or
osteoblasts depending on their position in a multicellular micropattern. Where
the cytoskeletal tension was higher, hMSCs diﬀerentiated preferentially into os-
teoblasts [288]. The spatial diﬀerences in cell contractility were further conﬁrmed
on micropatterned cell groups of ﬁbroblasts via cell traction force microscopy and
computational modelling [189]. In another study, epithelialmesenchymal tran-
sition (EMT), which is a phenotypic change in epithelial cells towards a more
mesenchymal-like morphology with importance in development and pathology, was
investigated on multicellular micropatterns. It was found that EMT is dependent
on mechanical strain as it occurred preferably at speciﬁc locations where cell ten-
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sion was higher [113].
1.9 Substrate Stiﬀness
Cells adhere to solid substrates that range in stiﬀness from soft to rigid. The
resistance that a cell feels when it deforms the ECM, which is measured by the
elastic constant (E), is clearly diﬀerent depending on the diﬀerent tissues in the
body. The brain is considerably softer than muscle, and muscle is softer than
collagenous osteoid precursors of bone [81]. By studying ﬁbroblasts and epithe-
lial cells on a ligand-coated polyarylamide gel with varied stiﬀness, Pelham et at.
reported more than decade ago that cells detect and respond distinctly to soft ver-
sus stiﬀ substrates. Cells on softer substrates showed less spreading but increased
mobility. The focal adhesions on ﬂexible substrates were irregularly shaped and
highly dynamic whereas those on ﬁrm substrates had a normal morphology and
were much more stable. Treatment with inhibitors revealed that both protein
tyrosine phosphorylation and myosin-generated cortical forces are involved in sub-
strate stiﬀness dependent diﬀerences in focal adhesion formation. [248]. Similar
results in substrate stiﬀness dependent cell migration was obtained by a later
study based on polyacrylamide gels with diﬀerent local stiﬀness achieved by a
discontinuity in the concentration of the bis-acrylamide cross-linker [192] as well
as by using substrates based on hyaluronan and ﬁbronectin instead of polyacry-
lamide coated with collagen I [108]. It was also found that microtubule function
in ﬁbroblast spreading is modulated according to the stiﬀness of the underlining
substrate. In absence of stress ﬁbres and focal adhesions, typical of ﬁbroblasts in
relaxed collagen matrices, cells spread with dendritic extensions whose formation
requires microtubules; in presence of stress ﬁbres and focal adhesions, typical of
cells on coverslips, cells spread with lamellipodial extensions and microtubules are
required for cell polarization but not for spreading [272]. However, it was found
that microtubules provide only a minor and possibly redundant fraction of the
resistance to contractile tensions [75]. Substrate stiﬀness aﬀects also cell prolifera-
tion. Interestingly however, the underlining eﬀect cannot be explained by simply a
decreased actomyosin contractility as treatment with contractility inhibitors such
as ROCK inhibitor results in enhanced proliferation when cells are grown on a soft
substrate and it is suggested that low substrate stiﬀness induced decreased cell
proliferation is a result of `excessive' generation of contractile forces against insuf-
ﬁciently stable cell-matrix adhesions [221]. Besides cell morphology and growth,
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substrate stiﬀness has also been implicated in cancer development. By using col-
lagen gels of diﬀerent stiﬀness, it was reported that matrix stiﬀening not only re-
sulted in activated integrins, increased focal adhesion assembly as well as elevated
Rho GTPase-dependent cytoskeletal tension as previously observed in other sub-
strate stiﬀness systems, it also activates the canonical growth factor receptor/Erk
mitogenic signalling cascade. It is suggested, that because of a positive feedback
look this may stabilize the undiﬀerentiated proliferative phenotype of mammary
epithelial cancer cells and lead to neoplastic disorganisation of tissue architecture
in vivo [145, 247]. As TGF-b signalling is often misdirected during cancer devel-
opment and promote tumorigenic cell functions, such as epithelial- mesenchymal
transition (EMT) and increased cell motility, the eﬀect of TGF-b on apoptosis
and EMT in cells on diﬀerent substrate stiﬀness was studies. It was found that
decreasing rigidity increased TGF-b1-induced apoptosis, while increasing rigidity
resulted in EMT. Interestingly, matrix rigidity did not change Smad signalling, but
instead regulated the PI3K/Akt signalling pathway [185]. By using atomic force
microscopy, the cellular elastic moduli of ﬁbroblast grown on ﬁbronectin coated
polyacrylamide of diﬀerent stiﬀness was determined. It was reported that the cellu-
lar stiﬀness roughly correlates with the underlining substrate stiﬀness. Therefore,
how strong an adhered cell can pull and exert forces seems to be limited by its
underlining substrate [321]. More rigid a substrate, results in more cellular ten-
sion which is in line with the observation of increased focal adhesion and stress
ﬁbre formation[321, 108, 248, 75]. Studying cell adhesion complex formation on
substrates with diﬀerent rigidity in presence or absence of diﬀerent inhibitors, it
was reported that bonds between the integrin and extracellular matrix function as
an extracellular ``clutch'' to modulate the degree of force transmission from the F-
actin cytoskeleton and therefore allow force-sensitive adhesions depending on the
underlining substrate stiﬀness [11]. Furthermore, by using a novel FRET based
measurements of cell traction forces and nano-scale clustering of adhesion ligands
the relationship between substrate stiﬀness, cell tension and ligand clustering was
analysed. It was found that substrate stiﬀness induced changes in cell behaviour
correlates with diﬀerences in cell tension but not ligand clustering [172]. By study-
ing diﬀerentiation of MSCs on collagen I coated polyacrylamide gels, Engler et al.
showed that matrix stiﬀness alone can specify lineage toward neurons, myoblasts,
and osteoblasts. MSCs grown on polyacrylamide gels with elastic moduli in the
range of brain, muscle and collagenous osteoid precursors of bone resulted in the
diﬀerentiation of neurons, myoblasts, and osteoblasts respectively based on analy-
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sis of the expression level of key lineage markers. By inhibition of cell contractility,
this stiﬀness dependent lineage commitment was blocked suggesting that the pro-
cess is mediated by the substrate stiﬀness induced changes in cell contractility.
Interestingly, soluble induction factors compared to substrate stiﬀness guided dif-
ferentiation, tend to be less selective than matrix stiﬀness in driving speciﬁcation,
and cannot reprogram MSCs that are precommitted for weeks on a given ma-
trix [81]. Another study reported that TGF-b induced MSC diﬀerentiation into
either smooth muscle cells or chondrogenic cells can also be directed by diﬀer-
ent substrate stiﬀness. MSCs on stiﬀ substrates had higher expression of SMC
markers a-actin and calponin-1; in contrast, MSCs on soft substrates had a higher
expression of chondrogenic marker collagen-II and adipogenic marker lipoprotein
lipase (LPL). TGF-b increased SMC marker expression on stiﬀ substrates. How-
ever, TGF-b increased chondrogenic marker expression and suppressed adipogenic
marker expression on soft substrates [245].
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2 Material and Methods
2.1 Cell Culture
All cells used were cultured under standard cell culture conditions (37ºC, 5% CO2).
Bone marrow derived human mesenchymal stem cells (hMSCs) were purchased
from PromoCell, cultured in growth medium with serum supplement (PromoCell)
and used between passage 4 and 8 and were fed every 2-3 days. 0.05% (v/v)
Trypsin-EDTA solution (Invitrogen) was used to detach cells once they reached
~80% conﬂuency. For diﬀerentiation of hMSCs, osteogenic and adipogenic diﬀer-
entiation medium (both from PromoCell) were used in a 1:1 mix. The medium
was replaced every second day. Mouse preosteoblasts derived from bone/calvaria
(MC3T3-E1 subclone 4) were purchased from ATCC and cultured using minimum
essential medium (MEM; Gibco) alpha without ascorbic acid supplemented with
10% (w/v) fetal bovine serum (Invitrogen). Cells were trypsinized 0.05% (v/v)
Trypsin EDTA (Invitrogen) routinely once they reached ~90% conﬂuence and were
fed every 2-3 days. Human foreskin ﬁbroblasts (purchased from ATCC ) were cul-
tured in DMEM Glutamax medium with fetal bovine serum (20%; Gibco, Invit-
rogen ) under standard cell culture conditions (37°C, 5% CO2) between passages
2-7. For experiments, cells were detached by using Trypsin-EDTA solution (0.25%
(v/v); Invitrogen) once they reached ~90% conﬂuence and were fed every 2-3 days.
Undiﬀerentiated mouse embryonic stem cells (D3 line, purchased from ATCC) were
cultured feeder-free on tissue culture treated polystyrene plates coated with 0.1%
(w/v) gelatin in Dulbecco's Modiﬁed Eagle's Medium (DMEM, Invitrogen) sup-
plemented with 10% (w/v) fetal bovine serum, 0.1 mM non-essential amino acid
solution, 2 mM L-glutamine, 0.1 mM 2-mercaptoethanol, and 1000 U/mL leukemia
inhibitory factor (LIF). ESCs were fed every other day and passaged using 0.05%
(v/v) Trypsin EDTA when cells reached 70% conﬂuence. Diﬀerentiation media
consisted of 1:1 adipogenenic:osteogenic media and was changed every 3 days.
Adipogenic media contained 3% (v/v) FBS, 1% penicillin-streptomycin (v/v), 500
µM IBMX, 2 µM rosiglitazone, 1 µM dexamethasone, 17 µM pantothenate, 33
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µM biotin and 1 µM insulin in DMEM/F12. Osteogenic media contained 10%
(v/v) FBS, 1% penicillin-streptomycin, 100 nM dexamethasone, 250 µM ascorbic
acid-2-phosphate and 10 mM b-glycerophosphate.
2.2 Materials Preparation
2.2.1 2D Cell Micropatterns
Stamps were made by replica casting polydimethylsiloxane (PDMS, Sylgard 184;
Dow Corning, Midland, MI) against a silicon master made by photolithography
(gift from Markus Textor). PDMS pre-polymer (1:10, curing agent to prepolymer)
was poured over the silicon master and cured at 60°C overnight. The elastomeric
stamp bearing the negative pattern of the master was peeled oﬀ and stored dry in
a closed well plate at room temperature. Stamps were sonicated for 30 minutes in
ethanol, rinsed three times with distilled water, blown dry under nitrogen, oxidized
in air plasma for 1 min (200 mtorr) (Plasma Prep 5, Gala Instruments) and used for
contact printing immediately. To allow adsorption of proteins, plasma-activated
stamps were immersed for 1 hour in an aqueous solution of bovine ﬁbronectin
(50 mg/mL, Sigma). Stamps were blown dry under compressed air, and placed in
conformal contact with the substrate (non-treated polystyrene multi-dish, Nunclon
Surface) for 60 seconds before being peeled oﬀ. Subsequently, substrates were
immersed in 0.1% (w/v) Pluronic F127 (Sigma) in phosphate-buﬀered saline (PBS)
for 1 hour, and carefully rinsed with water without allowing the surface to dry.
The produced micropatterns were either used immediately or stored up to two
days at 4°C in PBS. For cell culture, micropatterns were preincubated in 10%
(w/v) antibiotics in PBS. After three times washing with PBS, 15'000/cm2 cells
were seeded in serum free medium. After 2 hours, the medium was aspirated and
replaced by full serum medium. Independent of incubation times, cell medium was
replaced every second day.
2.2.2 3D PDMS Microwells
PDMS micro-well substrates were produced by replica casting against 2D mi-
cropattern PDMS stamps, which were prepared according to the previous section.
In order to ensure that the casted PDMS pre-polymer can be peeled oﬀ after curing,
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the 2D micropattern PDMS stamp was treated with 1H,1H,2H,2H- Perﬂuorooctyl-
trichlorosilane (Sigma) in a dessicator for 1 hour prior to replica casting. The
resulting PDMS micro-well substrates were sonicated for 30 minutes in ethanol,
rinsed three times with distilled water, blown dry under nitrogen, oxidized in air
plasma for 1 minutes (200 mtorr) (Plasma Prep 5, Gala Instruments) and immedi-
atley immersed for 1 hour in an aqueous solution of bovine ﬁbronectin (50 mg/mL,
Sigma). As a next step, the ﬁbronectin coating on the plateau of the PDMS micro-
well is removed by inverse micro contact printing. For that, ﬂat PDMS sheets
were produced and incubated with 2% (v/v) 3-aminopropyldimethylmethoxysilane
(Sigma) in dH2O for 15 minutes. Then, the surface was rinsed with dH2O and
subsequently incubated with 0.125% (w/v) glutaraldehyde (Sigma) in dH2O for 30
minutes and blown dry after a washing step. For inverse microcontact printing, the
coated ﬁbronectin PDMS micro-well substrates were blown dry and immediately
placed in conformal contact with the functionalised ﬂat PDMS surface. Complete
contact over the whole area was assured by carefully pushing the stamp down with
a pair of tweezers. After 30 seconds the stamp was removed. The printing step was
repeated 12 times to ensure complete removal of the ﬁbronectin from the plateau
surface. To enable hydrophobic recovery of the stamped areas the substrates were
maintained for 2448 hours at RT before further functionalization. On the day of
cell seeding Pluronic F-127 (Sigma) was adsorbed onto the substrates for 2 hours,
at 0.04% (w/v) in PBS. After rinsing with PBS the substrates were preincubated
in 10% (w/v) antibiotics in PBS. After three times washing with PBS, 20'000/cm2
cells were seeded in serum free medium. After 2 hours, the medium was aspirated
and replaced by full serum medium. Independent of incubation times, cell medium
was replaced every second day.
2.2.3 3D Gelatin Microwells
For gelatin micropatterns and microposts, 12.5%, 6.25% or 3.125 % (w/v) gelatin
(Sigma) was dissolved in PBS at 60°C for 1 hour. The liquid gelatin solution was
then casted over an air plasma activated PDMS master either with a micropost
or micro-well structure. The casted gelatin was cured at 4°C for 1 hour and
subsequently transferred into a 1% (v/v) formalin solution (Sigma) in PBS and
incubated at 4°C for 1 day. Afterwards, the gelatin was washed 3 times with PBS,
the peeled oﬀ from the PDMS master and immediately transferred into a quenching
solution (100 mM glycine in PBS;Sigma) for another day to deactivate unreacted
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formalin. Afterwards, the microstructured gelatin was incubated in PBS for again
a day before it was used for cell culture.
2.2.4 Polyacrylamide Gels
Statically compliant polyacrylamide hydrogels were produced according to a pro-
tocol published previously [344]. Brieﬂy, coverslips were covered by a 0.1 M NaOH
solution (Sigma) on a hot plate until liquid was fully evaporated. The resulting
semi-transparent white NaOH ﬁlm was treated with APES (Sigma) for 5 min-
utes and followed by 0.5% (w/v) glutaraldehyde (Sigma) for 30 minutes. The
remaining solution was aspirated and the coverslips fully dried by blowing ni-
trogen on them. Separate glass slides were chloro-silanated by treatment with
DCDMS (Sigma) onto each slide in the fume hood for 5 min before removing
the excess DCDMS with a Kimwipe. Then acrylamide and bis-acrylamide were
mixed to their desired concentrations in PBS and degased under strong vacuum
for 15 minutes. Immediately after 1/100 total volume of APS and 1/1000 total
volume of TEMED was added to the gel solution and vortexted. Then 25 µl of
the gel solution was quickly added onto the treated side of the chloro-silanated
glass slides immediately followed by adding the amino-silanated coverslips with
the treated side down. The gel was allowed to polymerize for 5 to 30 minutes
and monitored the unused solution to determine when the solution is fully poly-
merized. Afterwards, the chloro-silanated glass slides were removed and discarded
resulting in a thin polyacrylamide hydrogel ﬁlm covalently linked to a glass cover-
slip. As polyacrylamide hydrogels do not readily adsorb proteins, it is essential to
covalently bind proteins to the gel to ensure eﬃcient cell attachment. In order to
do that, a 0.2 mg/ml sufosuccinimidyl-6-(4'-azido-2'-nitrophenylamino)-hexanoate
(sulfo-SANPAH; Pierce Biotechnology) in 50 mM HEPES buﬀer (pH 8.5) solution
was added on the polyacrylamide hydrogels followed by exposure to UV light (365
nm) for 10 minutes. Afterwards 100 µg/mL collagen I in 50 mM HEPES was
added and the polyacrylamide hydrogels were incubated overnight at 37°C. Prior
to cell seeding, the polyacrylamide hydrogels were UV treated for 30 minutes for
sterilisation purposes.
89
2.2.5 Cell Micropatterns on Polyacrylamide
Polyacrylamide hydrogel ﬁlms with desired matrix elasticity that are covalently
linked to a glass coverslip were prepared as desribed in the previous section. In
order to generate protein micropatterns, 0.2 mg/ml sulfo-SANPAH in 50 mM
HEPES was added on top of the polyacrylamide hydrogels followed by exposure to
UV light (365nm) for 10 minutes. After washing three times with 50 mM HEPES,
polyacrylamide hydrogels were fully dried on hot plate. Meanwhile, PDMS stamps
were immersed for 1 hour in an aqueous solution of human ﬁbronectin (50 mg/mL,
Sigma). PDMS stamps were prepared as described before and stored in acetone.
Before being used, it was ensured that all remaining acetone is fully evaporated.
Afterwards, PDMS stamps were blown dry with compressed air and placed on
top of the dried polyacrylamide hydrogels for 10 minutes before being peeled oﬀ.
A pipette tip was used to press PDMS stamps down gently on polyacrylamide
hydrogels surface to ensure conformal contact. Finally, the dried polyacrylamide
hydrogels were incubated in a 0.01% (w/v) PLL-g-PEG solution in PBS for 2 hours
in order to passivate the non-protein patterned surrounding of the gel surface.
Before cell seeding, the polyacrylamide hydrogels were incubated in PBS overnight
at 37°C.
2.2.6 ECM Micropatterns
Patterned cells were decellularized using a combination of detergents and enzymes.
Cells were incubated for 10 min at room temperature in decellularization solution
containing sodium deoxycholate (12 mM in water; Sigma), Tris HCl (10 mM;
Sigma), and Complete Mini EDTA-free protease inhibitor (Roche Diagnostics).
Wells containing patterned cells were then rinsed twice in water prior to incubation
in DNase solution (ﬁnal concentrations: 150 U DNase, 0.15 M NaCl, 15 mM
MgCl2, 10 mM CaCl2 reconstituted in water; Sigma) for 10 minutes at room
temperature. Samples were then rinsed three times again in water to remove
traces of the solution.
2.3 Immunostaining
Cells grown on prepared substrates were immunostained using standard proce-
dures. Brieﬂy, cells were ﬁxed with 4% (v/v) formalin in dH2O (Sigma) for 15 min
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at room temperature, washed with PBS, permeabilised with 0.25% (v/v) Triton-
X-100/PBS for 2 min, washed with PBS and then blocked with 4% (w/v) bovine
serum albumin in PBS. Primary and secondary antibodies were incubated in block-
ing buﬀer for 2 hours at room temperature. Alexa Fluor488 phalloidin and Alexa
Fluor568 phalloidin (1:400 dilution) were incubated for 40 minutes and DAPI (4',6-
diamidino-2-phenylindole) (1:10'000 dilution) for 5 minutes at the end of the proce-
dure all bought from Molecular Probes, Invitrogen. Primary antibodies used were
mouse monoclonal anti-vinculin (1:100 dilution), rabbit polyclonal anti-Caveolin-1
(1:200 dilution) both from Abcam. Mouse monoclonal anti-tubulin (1:100 dilu-
tion) was purchased from Millipore. Rabbit polyclonal anti PPARg (1:500 di-
lution), mouse monoclonal anti phosphorylated-myosin IIa (1:400 dilution) and
mouse monoclonal anti ABC (active b-catenin) (1:200 dilution) were all purchased
from Cell Signaling Technologies. Mouse monoclonal anti RunX2 (1:300 dilution)
and rabbit polyclonal anti b-catenin (1:300 dilution) were bought from Abcam.
Mouse monoclonal anti-phospho-Akt (Thr308) (1:200 dilution), anti-phospho-Akt
(Ser 473) (1:500 dilution), polyclonal rabbit anti-Akt (1:300 dilution), polyclonal
rabbit anti-myosin IIa light chain (1:400 dilution) as well as monoclonal mouse
anti-phospho myosin IIa light chain (1:100 dilution) were all purchased from Cell
Signaling Technology. GAPDH (1:500 dilution) was bought from Ambion. FITC
conjugated Cholera Toxin B subunit (1:50 dilution) as well as ﬁlipin III from Strep-
tomyces ﬁlipinensis (1:10 dilution) were purchased from Sigma. Polyclonal rabbit
anti-collagen I (1:400 dilution), monoclonal mouse derived anti-ﬁbrillin-1 (1:200
dilution), rabbit anti elastin (1:200 dilution) and monoclonal mouse-derived anti-
laminin (1:200 dilution) were all purchased from Abcam. Anti-mouse Alexa Fluor-
568 (1:400 dilution) and anti-rabbit Fluor-488 (1:400 dilution) both bought from
Molecular Probes (Invitrogen) were used as secondary antibodies. FITC conju-
gated bovine ﬁbronectin (Sigma) was produced by FluoroTag-FITC Conjugation
Kit (Sigma) according to manufacturer instructions. Infrared labelled secondary
antibodies, IRdye 680RD goat anti-mouse IgG and IRdye 800CW goat anti-rabbit
IgG (both 1:1000) were purchased from LiCor.
2.4 Immunoﬂuorescence Quantiﬁcation
An Olympus BX51 inverted with a 20x or 40x dry or 60x oil immersion objective
was used to image ﬂuorescence and phase contrast samples. The immunoﬂuores-
cence microscopy images were taken with the same camera setting at the same
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time. Only single micropatterned cells fully spread on the entire microisland were
selected by contrast images in combination with cell nucleus stain. Raw ﬂuorescent
images were background-subtracted using an image representative background im-
age of the sample. The mean ﬂuorescence intensity signal of the total cell area
was quantiﬁed by ImageJ based on the raw ﬂuorescent image. For generating
immunoﬂuorescence heatmaps, micropatterned cells or decellularized ECM mi-
cropatterns were imaged on the same day using the same microscope and camera
settings. Raw ﬂuorescent images were background-subtracted in Image J, incorpo-
rated into a Z hyperstack and the summarized intensity was calculated for heatmap
generation. Only single micropatterned cells were used for statistical analysis.
2.5 Western blot and In-Cell Western analysis
For In-Cell western, cellular proteins were quantitated in situ based on infrared
intensity. Samples were immunolabelled with an infrared conjugated IgG sec-
ondary antibody using standard immunoﬂuorescence protocol and imaged using
an Odyssey Fc Infrared Imaging System (LiCor) in the highest resolution (21 µm).
The resulting signal intensity was subsequently quantiﬁed by using the Odyssey
CLx Image Studio Analysis Software. The background was substracted by using
the median background substraction function of the software. For western blots,
Ad(GFP) and Ad(PI3K) cells were lysed in 25 mM HEPES, 75 mM NaCl, 1% NP-
40, 1 mM EDTA, 1Ö Halt protease and phosphatase inhibitor cocktail (Thermo
Scientiﬁc), and centrifuged at 14000 RPM for 10 minutes at 4°C. Lysates from
cells on hydrogels were obtained with RIPA buﬀer (Sigma) containing protease
inhibitors (Roche) and phosphatase inhibitors (Sigma). Protein concentration
was determined by Precision Red Advanced Protein Assay (Cytoskeleton, Den-
ver, CO). 10 mg of protein was separated by denaturing SDSPAGE, transferred
to PVDF membrane, blocked with 5% (w/v) bovine serum albumin (BSA) in
0.3% (v/v) Tween-20 in Tris-buﬀered saline, immunoblotted with primary anti-
bodies (1:1000), and detected using horseradish peroxidaseconjugated secondary
antibodies (1:5000; Jackson ImmunoResearch Laboratories) and SuperSignal West
Dura (Pierce). Densitometric analysis was performed using a VersaDoc imag-
ing system and QuantityOne software (Bio-Rad Laboratories), and statistically
analysed using GraphPad Prism software. Akt western blot was performed using
infrared labelled secondary antibodies, scanned and analysed using the Odyssey
imaging system and software (LiCor). Western blots were performed by Dr. C.
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Horejs.
2.6 Oil Red and Alkaline Phosphatase
Colorimentric Assay
For the histological analysis, cells were inspected by phase contrast to determine
whether they expressed lineage speciﬁc markers based on what has been described
previously [166]. Brieﬂy, for patterned MSCs only single cells that adhered to the
pattern were used for statistical analysis. MSCs exposed to diﬀerentiation media
cocktails either stained strongly or not at all for the lineage speciﬁc markers. Cells
that contained lipid vacuoles stained red by OilRedO were counted as adipocyte
speciﬁcation. Cells that stained blue for alkaline phosphatase were counted as
osteoblast committed cells. A small subset of the diﬀerentiated cells (10-15%)
exposed to mixed osteo/adipo diﬀerentiation cues expressed both markers and were
ignored for the purpose of the analysis. Images of micopatterned hMSCs stained
with both stains were taken with an inverted light microscope (Olympus) with a
20x objective with phase contrast. For quantitation, the background of images was
subtracted and images were transferred into 32-bit RGD images. Afterwards, the
two stain signals were separated by using a colour deconvolution algorithm. The
vectors of the deconvolution algorithm were determined based on control samples.
The resulting two 8-bit binary images with the separated stains were further used
for quantiﬁcation purposes. First, intensity threshold was set based on visual
examination of the binary images. Then the stained area relative to the total area
of the micropattern for each cell pattern was quantiﬁed. A lower size limit was set
based on visual examination in order to further decrease the background intensity
by size exclusion.
2.7 FLIM Analysis
For FLIM, ﬂuorescence was collected in the range 540750 nm using a PMT and
TCSPC electronics (SPC-830, Becker and Hickl GmbH, Berlin, Germany) with
excitation at 460 nm from a Mai Tai HP laser two photon laser (Newport Spectra-
Physics) operating at 80 MHz and a wavelength range of 690-1020 nm with pulse
widths in the range of 100 fs. This was coupled into a laser-scanning confocal
ﬂuorescence microscope (SP5, Leica) with a HC PL APO 10x 0.40 CS air or a
93
HCX PL APO 40x 1.25-0.75 oil objective. Detection was via a 550 nm long-pass
ﬁlter with an external photomultiplier tube (PMT) connected to time-correlated
single-photon counting (TCSPC) electronics (SPC830, Becker and Hickl). Typical
image acquisition times were 30 seconds. Device was ﬁtted with an incubation
chamber operated at 37.5°C. Data were ﬁtted to a single-exponential decay model
and images pseudo-coloured according to the mean ﬂuorescence lifetime per pixel.
2.8 TIRF Microscopy
For Total Internal Reﬂection Fluorescence (TIRF) Microscopy, cell micropatterned
samples on glass substrate (glass bottom dish, MatTek Prod. Nb P35G-0-10-C) in
PBS were imaged using a Zeiss Axiovert 200 manual inverted microscope with a
488 laser diode, an 100X/1.45W Alpha Plan Fluar objective and back illuminated
EM-CCD camera (Hamamatsu C9100-13). Diﬀerent sample conditions were im-
aged at the same day altogether by using identical parameters. For quantiﬁcation
purposes, resulting 16 bit raw images were background-subtracted and binarised by
setting a ﬁxed signal threshold resulting in 8 bit images followed by measurement
of mean grey value of total cell area.
2.9 In situ focused ion beam (FIB) Analysis and
SEM
Micropatterned cells were ﬁxed in a 4% (v/v) formaldehyde (Sigma, BioReagent,
≥36.0%) with 0.2% (v/v) glutaraldehyde (EMS  Electron Microscopy Sciences)
solution in PBS at room temperature for 15 minutes. Samples were washed three
times with cacodilate buﬀer (EMS  Electron Microscopy Sciences) and osmicated
with osmium tetroxide in cacodilate buﬀer (2%, w/v) for 30 minutes. After that,
samples were washed ﬁve times with deionized water and then dehydrated through
a graded ethanol (Sigma, ACS reagent 99.5%) series two times for each concen-
tration (20, 30, 40, 50 70, 80, 90, 100, 100, 100% (v/v)) for 2 minutes in each
solution. After dehydration, samples were inﬁltrated with Epon Resin (EMS 
Electron Microscopy Sciences) diluted in ethanol at 3:1, 2:1, and 1:1 for 1 hour
each, and then overnight at 1:2. The solution was then replaced with pure resin,
which was changed twice in the ﬁrst 12 hours and then allowed to inﬁltrate again
overnight. After that, the maximum amount of resin was removed from the surface
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and four fast direct blows of pure ethanol were directed to the surface of samples.
Samples were immediately placed in an oven at 60°C and left to cure overnight.
Samples were secured to a SEM aluminium sample holder with carbon tape and
silver paint applied to the area immediately surrounding the sample (to maximise
conductivity), and then coated with 5 nm of chromium in a sputter coater (Quo-
rumTechnologies modelK575X). Following the coating procedure, samples were
introduced into an SEM/Focused Ion Bean (Carl Zeiss - Auriga) with gallium ion
bean operated at 30 kV. A region over the cells with approximately 15 x 5 x 2 µm
(length x height x depth) was milled using 4 nA current. After that, the region
exposed by the ﬁrst milling was polished with 240 pA current and imaged by a
backscattering detector with the electron bean operating at 1.5 V. Image aquisition
was performed by Dr. S. Bertazzo.
2.10 CLIM
Cells grown on glass or micro-patterns were immunostained using standard pro-
cedures. Samples were then dehydrated in a graded series of ethanol dilutions
(25, 50, 70, 90 and 100%, 5 minutes each), immersed in HMDS for 5 minutes
and then dried at room temperature. The immersion in HMDS guarantees that
ultra-structures of the cell are not altered during the drying process. Samples
were secured to a FIB aluminium sample holder with carbon tape and silver paint
applied to area immediately surrounding the sample (to maximise conductivity)
then coated with 5 nm of chromium in a sputter coater (Quorum Technologies
model K575X). Following the coating procedure, samples were introduced into an
Ion Microscope (FEI FIB200-SIMS or a SEM/Focused Ion Beam Helios NanoLa
50 series Dual Beam) with gallium beam operated at 30 KV and 28 pA current.
SEM micrographs were obtained using electron beam at 5 KV and 0.17 nA cur-
rent. For the milling procedure, the gallium beam was operated at 30 KV and 93
pA. Image aquisition was performed by Dr. S. Bertazzo.
2.11 Inhibitor assays
For inhibitor studies, cell contractility inhibitors Y27632 and Cytochalasin C (both
from Sigma) were used in the following concentrations: 2.5 µM and 40 nM re-
spectively and added to the cell medium just after cell adhesion (2 hours after
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seeding). All other inhibitor were added in the cell medium suspension just be-
fore cell seeding and used in the following concentrations: Lipid rafts inhibitors
methyl-b-cyclodextrin (Santa Cruz Biotechnology) 0.5 mM and ﬁlipin III (Cayman
Chemicals) 0.5 µM, PI3K inhibitors Wortmannin (Sigma) and LY294002 (Cayman
Chemicals) both 20 µM. mTORC inhibitor Rapamycin (Cayman Chemicals) 30
nM, direct Akt inhibitor MK-2206 (Active Biochemicals) 3 µM, Dasatinib (Cay-
man Chemicals) 100nM, Lrp5/6 inhibitor Dkk-1 5 nM. The concentration of Dkk-1
(Sigma) was determined empirically to by its ability to eﬃciently inhibit b-cateinin
activation induced by soluble Wnt3a. The medium containing the inhibitors was
changed every second day. Concentrations were determined based on previous
publications and cell toxicity assessed by cell morphology analysis. Y27632 and
methyl-b-cyclodextrin were both solubilised in PBS, all other inhibitors in DMSO
according to manufacturer instructions. The eﬀect of the inhibitors was not tested.
Y27632 and CytD are typically tested by analysis of the cell cytoskeletal by im-
munoﬂuorescene or bright ﬁeld microscopy. Dasatninib, MK-2206 and mTORC are
commonly tested by using a cell adoptosis assay. The eﬀect of Dkk-1 can be tested
by analysing b-catenin actiation in presence of soluble Wnt ligands. Additionally,
it would be useful to analyse cell toxicity of cell treated with inhibitors.
2.12 Cell transfections
2.12.1 Si-RNA Knock-Down
For si-b-catenin experiments, CTNNB1 siRNA (Ambion, Product number: 146154,
Reference sequences: NM_001098209.1, NM_001098210.1 and NM_001904.3)
and negative control siRNA were both purchased from Ambion. For transfec-
tion Lipofectamine RNAi Max from Invitrogen was used in RNA to lipifectamine
ratio as recommened by the manufactures instructions. RNA-lipofectamine solu-
tion was added for 6 hours in PBS in the recommened volume and concentrations
before full serum was added followed by overnigh incubation. After 24 hours cells
were seeded on ﬁbronectin micropatterns.
2.12.2 Stable Plasmid Transfections
hMSCs were maintained in growth media (10% (w/v) FBS in low-glucose DMEM).
hMSCs were plated at a conﬂuency of 13'000/cm2 overnight, and the next day in-
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fected with either GFP or PI3K-p110CAAX (AdPI3K) virus for 5 hours. The
following day, cells were trypsinized and 13'000/cm2 cells were plated on Pluronic-
blocked micropatterned substrates in the presence of growth media or diﬀerentia-
tion media for Akt activity assays or diﬀerentiation assays, respectively.
2.13 Statistical Analysis
For statistical analysis, One-Way ANOVA followed by Turkey and Bonferroni Post-
hoc test. was used.
97
3 Engineering Cell Architecture
in vitro using Microfabrication
3.1 Introduction
The maturation of microengineering techniques has enabled the production of mi-
cropatterned cell monolayers, which provide exquisite control over the geometry
of individual cells, thereby enabling statistically relevant observations over a large
number of cells in a single well of a tissue culture plate. Pioneered by Chen et al.
more than a decade ago [50], the technique has since been used to study several as-
pects of cell physiology and showed many fundamental insights of the eﬀect of cell
architecture on cell mobility, division, cytoskeleton dynamics and diﬀerentiation
[50, 49, 142, 338, 334, 166, 255, 337, 217, 103]. Given its simplicity and ﬂexibility,
producing cell micropatterns to study cell behaviour is a very eﬀective technique
especially to unravel the connection between cell architecture and function, which
has been shown to be tightly linked in almost all aspects of cell physiology [336].
One major bottleneck of this still rather young technology for cell studies is its
long-term stability under cell culture conditions. The stability is dependent on
the cell type and culture conditions [231] as well as the technique used to gen-
erate the micropatterns [196]. In general, the stability of cell micropatterns on
single cell resolution is limited to days [94, 57]. However, for some cell studies
such as cell diﬀerentiation experiments longer incubation times over several weeks
are required. Furthermore, apart from its use in fundamental cell-surface inves-
tigations, micropatterns have found major applications in both cell-based sensors
and drug discovery that require low failure rate and stability under ﬂow and high
serum conditions [89]. Therefore, cell micropattern systems and single cell resolu-
tion with increased stability would be very desirable that would allow to extend
its current applications in fundamental cell studies in ﬁelds such as cell diﬀeren-
tiation and would potentially be a very useful platform for drug screening and
cell-based sensor applications. A few publications reported longer stability of the
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cell micropatterns in the range of weeks, however, they are based on a more com-
plex system requiring expertise and equipment usually not available in a biology
laboratory [380] especially access to specialized clean room laboratories is still a
limiting factor for many academic research groups [89]. It was therefore aimed
to develop a simple micropatterning system based on soft lithography, which re-
quires only reagents and equipment commonly found in a biology lab but shows
extraordinary long-term stability under cell culture conditions.
3.2 Results and Discussion
By using a simple system based on an approach previously published [333], which
requires only reagents commonly found in every biology lab, an extraordinary
stability of cell micropatterns on single cell resolution even under high serum con-
ditions for incubation times as long as several weeks is reported here. The process
starts by generating multiple stamps bearing posts with a deﬁned microstructure
by replica casting polydimethylsiloxane (PDMS) against a silicon master made by
photolithography (gift from Prof. Markus Textor, ETH Zurich). These stamps are
then subsequently inked with an aqueous solution of protein such as ﬁbronectin or
collagen I allowing the protein to be absorbed to the hydrophobic surface of PDMS.
The inked stamp is then placed on the bottom of a non-treated polystyrene multi-
well plate for cell suspension studies resulting in deﬁned ﬁbronectin microislands.
In order to monitor the protein transfer eﬃciency from the PDMS stamp to the
polystyrene substrate, we used FITC labelled collagen I as ink protein and ob-
served the polystyrene substrate after the micro-contact printing procedure by
ﬂuorescence microscopy. The microscopy analysis showed a clear protein pattern
in the desired island shapes indicating that the stamping procedure successfully
transfers the protein to the substrate (see appendix). This was further conﬁrmed
by scanning electron microscopy analysis of stamped substrates, which revealed a
very deﬁned and sharp shape of protein micro-islands even in nanometer scale (see
appendix). To generate non-adhesive areas around the microislands that ensure
cells adherence is conﬁned to the underlining geometric features, we subsequently
treated the substrates with polyethylene glycolpolypropylene glycolpolyethylene
glycol (Pluronic F127), which has been shown to get physisorbed to polystyrene
by its polypropylene segment while the two polyethylene segments extend into
the bulk aqueous medium preventing proteins and cell adhesion [333] (Fig.3.1).
Subsequent cell seeding resulted in cells only adhering and spreading to the pro-
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tein micro-islands. After 2 hours post-seeding, cells were fully spread within the
protein-microislands and adapted their underlining shapes (see appendix).
Figure 3.1: Schematic illustration of the micro-contact printing process to produce cell mi-
cropatterns. 1. Stamps for microcontact printing were produced by replica casting
polydimethylsiloxane (PDMS) against a silicon master made by photolithography.
After curing of the casted PDMS prepolymer mix, solidiﬁed PDMS stamps bearing
the negative pattern of the master were peeled oﬀ. 2. In order to produce a protein
micropattern by microcontact printing, PDMS stamps were coated with a aquatous
protein (in our case ﬁbronectin) solulution. After 1h, stamps were blown dry by
compressed air and immediately placed in conformal contact with a ﬂat polystyrene
substrate to transfer the coated protein (ink) to the substrate before being peeled
oﬀ, which results in a patterned protein layer on the surface of the polystyrene
substrate consiting of micro-islands in a desired shape. 3. In order to generate
cell micropatterns, substrates were immersed in an aquatous pluronic solution for
2 hours. Pluronic adheres to the surrounding non-patterned surface generating a
non-cell adhesive layer and therefore ensures that seeded cells selectively adhere
and spread only to and within the protein micro-islands resulting in monolayers of
cell patterns in deﬁned shapes.
A wide range of diﬀerent protein micro-island sizes of from 350 up to 4000 µm2were
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produced in order to analyze the optimal size range for single cells to adhere and
spread to the islands. In order to obtain cell micropatterns with mostly single cells
per micro-islands, which are spread and in the shape of the underlining protein pat-
tern, the optimal surface area was found to be 1350 µm2. Larger microislands were
found to conﬁne hMSCs only partially resulting in no clear cell shape and many cell
micropatterns were found to contain more than one cell (see appendix). Microis-
lands smaller than 1350 µm2resulted in extreme conﬁnement of cell spearding with
no clear diﬀerences in cytoskeletal arrangement between diﬀerent cell geometries
(see appendix). Furthermore, the resulting cytoskeletal arrangement of diﬀerent
microisland geometries in order to ﬁnd geomtries with clearly distinct and repro-
ducible cytoskeletal arragements was analysed (see appendix). Among several cell
micropattern geometries tested, triangular, square and circular microisland shapes
were selected in order to generate clearly diﬀerent cell cytoskeletal arrangements
resulting in diﬀerent cell contractilities as experimentally validated later on.
The morphology of hMSCs on ﬁbronectin micropatterns in triangular, square and
circular geometries with an underlining surface area of 1350 µm2was analysed
by using high resolution microscopy. Cell micropatterns were imaged by scan-
ning electron microscopy in order to analyze their geometrical arrangement at the
nanoscale. The SEM analysis revealed that cells on the protein island adapted
the desired geometry given by the underlining protein pattern with a surprising
accuracy even in the the nano-scale range (Fig. 3.2). Only very occasionally
micropatterned hMSCs showed outgrowth from the protein micro-island into the
passivated area in form of very small ﬁlopodia, which were only observable in
the ultrastructure by SEM (Fig.3.4). Even though these ﬁlopodia are commonly
known to be the ﬁrst step in cell migration, no further cell outgrowth was observed
also during extended culture period which will be discussed later this section.
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Figure 3.2: Representative Scanning electron micrographs of single micropatterned hMSCs ad-
hered to ﬁbronectin microislands with a constant surface area of 1350 µm2. Cells
were ﬁxed 24 hours post-seeding and prepared according to standard electron mi-
croscopy protocols.
Furthermore, in order to analyse the eﬀect of cells conﬁned within these protein
micro-islands on the arrangement of the cell cytoskeleton, micropatterned hM-
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SCs were stained for F-actin 24 hours post-seeding and subsequently analysed by
ﬂuorescence microscopy with a 63x objective. It was found that triangular and
square shaped cells resulted in clearly higher intensities of F-actin and large stress
ﬁbre formation at the edges between corners of the geometries compared to circu-
lar shaped cells with the identical surface area, which showed only smaller ﬁbres
around the perimeter of the cell shapes. The nuclei of micropatterned cells was
stained by using a DAPI staining in order to discriminate single cell from multiple
cell micropatterns and showed no clear position within all diﬀerent micropatterned
cell shapes. (Fig. 3.3).
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Figure 3.3: Representative ﬂuorescence microscopy images of single micropatterned hMSCs
adhered to ﬁbronectin microislands with a constant surface area of 1350 µm2. Cells
were ﬁxed and stained for F-actin (green) and DAPI (blue) 24 hours post-seeding
and subsequently analysed by ﬂuorescence microscopy with a 63x objective.
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Figure 3.4: SEM generated micrograph of micropatterned hMSC adhered to ﬁbronectin mi-
croislands with a constant surface area of 1350 µm2. Cell sample was ﬁxed 24
hours post-seeding and prepared according to standard electron microscopy proto-
cols Magniﬁed area in yellow shows ﬁlopodia growing into the non-adhesive area.
This indicates that the tension generated within the cells by actin/myosin ﬁbre con-
traction, referred to as cell contractility, is higher in triangular and square shaped
cells compared to a round cell geometry. In order to analyze that quantitatively,
so called ﬂuorescence intensity heatmaps were generated, which represents the av-
erage signal intensity of many micropatterned single cells on micro-islands with
the same shape and size. This allows to obtain quantitative information about
the intensity of the ﬂuorescence signal depending of its spatial location, which has
previously been demonstrated to be a particular useful tool to gain quantitative in-
formation about cell stress ﬁbre formation and focal adhesion points as indication
of shape induced cell contractility [152, 166]. 24 hours post-seeding, hMSCs on
triangular, square and circular micro-islands were stained for F-actin and myosin
IIa in order to analyse cytoskeletal changes depending on the cell micropattern
shape according to previous publications [336]. Fluorescence intensity heatmaps
of these two markers showed a clear diﬀerence in cell contractility between the
three cell geometries, which is in line with previous publications [152, 166]. Trian-
gular and square shaped cells showed the highest contractility across the whole cell
population with myosin II and F-actin intensity deﬁned to cell edges and corners.
In contrast, round circular cells showed a sharp decrease in F-actin and myosin IIa
intensity indicating lower cell contractility (Fig. 3.5).
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Figure 3.5: High resolution ﬂuorescence intensity heatmaps of F-actin and myosin IIa stained
cells. Images represent the average localisation dependent ﬂuorescence intensity
of micropatterned single hMSCs adhered to triangular, square or circular shaped
ﬁbronectin microislands with a constant surface area of 1350 µm2. Cells were ﬁxed
and stained for F-actin and myosin IIa 24 hours post-seeding. Brighter colour
indiates higher intensity. Number of n indicates the number of single hMSCs used
to generate the heatmap. The microscopy images were obtained with a ﬂuorescence
microscope using a 63x objective.
To further study cell shape induced diﬀerences in cell contractility, the phosphory-
lation level of the myosin light chain was analysed. Whereas the primary regulation
of skeletal and cardiac muscle myosin II is through a set of actin-associated pro-
teins such as troponin and tropomyosin, the regulation of other cell types including
non-muscle and smooth muscle myosin II is through phosphorylation of the myosin
light chain by kinases such as ROCK. Phosphorylation of myosin light chain 20kDa
(MCL2) is known to increase ﬁbre formation and actin/myosin ﬁbre contraction
resulting in increased cell contractility [246, 61]. By co-immunolabelling micropat-
terned hMSCs in triangular, square and circular shapes against phosphorylated
MCL2 as well as pan myosin IIa, the phosphorylation level of MCL can be es-
timated by microscopical analysis (Fig. 3.6). The overlap of both ﬂuorescence
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signals (phosphorylated MCL2 in red; myosin IIa in green) reveals speciﬁc areas
of phosphorylated MCL within the cell, which appears in the case of triangular
and square shaped cells to co-localise with the previously observed stress ﬁbre for-
mation deﬁned to edges and corners while round cells show a clearly lower overall
signal of phosphorylated myosin IIa. This shows that cell shape induced actin and
myosin stress ﬁbre formation shown in Fig. 3.5 seems to be accompanied by a
higher actin/myosin ﬁbre contraction and therefore increased cell contractility.
Figure 3.6: Representative ﬂuorescence microscopy images of single micropatterned hMSCs
adhered to triangular, square or circular shaped ﬁbronectin microislands with a
constant surface area of 1350 µm2. Cells were ﬁxed and stained for phosphorylated
MCL2 (red) or global myosin IIa (green) 24 hours post seeding. The microscopy
images were obtained with a ﬂuorescence microscope using a 40x objective. Scale
bar = 20µm.
To further analyse that more quantitatively across the whole cell population, we
generated for the ﬁrst time ﬂuorescence intensity heatmaps of micropatterned hM-
SCs co-stained against phosphorylated MCL2 (in red) as well as pan myosin IIa
(in green) with brighter colour indicating higher intensity (Fig.3.7).
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Figure 3.7: Fluorescence heatmaps of phosphorylated MCL2 and pan myosin II. Heatmaps
are showing the average localisation dependent ﬂuorescence intensity of micropat-
terned single hMSCs adhered to triangular, square or circular shaped ﬁbronectin
microislands with a constant surface area of 1350 µm2. Cells were ﬁxed and stained
for phosphorylated MCL2 (p-myosin II, red) or global myosin IIa (pan-myosin II,
green) 24 hours post-seeding. Brighter colour indicates higher intensity. 30 images
of single hMSCs were used to generate each heatmap. The microscopy images were
obtained with a ﬂuorescence microscope using a 40x objective.
To further conﬁrm this ﬁnding, the MCL2 phosphorylation level in micropatterned
hMSCs adhered to triangular, square or circular shaped ﬁbronectin microislands
with a constant surface area of 1350 µm2 was analysed by applying for the ﬁrst
time a technique called In-Cell Western (ICW) on a cell micropattern platform.
This technology measures protein concentrations in situ based on intensity mea-
surements of immuno-infrared labelled proteins. The infrared intensity of whole
cell arrays comprising 950 cell micro-islands per well/sample in either triangular,
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square or circular shape co-immunolabelled for phosphorylated MCL2 and pan
myosin IIa was measured 24 hours post-seeding as shown in Fig. 3.8a. Further-
more, the ratio of intensities of phosphorylated MCL2 over pan myosin IIa as an
indication of the phosphorylation status of the protein was analysed. An approxi-
mate ﬁve fold diﬀerence in the ratio of phosphorylated myosin IIa over pan myosin
IIa in triangular and square cells compared to round ones was observed. This indi-
cates a large and signiﬁcant diﬀerence of contraction forces within these diﬀerent
cell shapes (Fig. 3.8b). However, for both phosphorylated MCL2 and pan myosin
IIa antibodies the speciﬁcities were not validated by western blot of cell lysates
and the In-Cell Western technique does not give information about the speciﬁcity
of the antibody. In particular antibodies speciﬁc for phosphorylated proteins are
known to be inconsistent and to result in a high variability. It is therefore diﬃcult
to draw conclusions from these results
Figure 3.8: In-cell Western analysis of myosin light chain phosphorylation of hMSCs on diﬀer-
ently shaped ﬁbronectin micropatterns with 1350 µm2 surface area after 24 hours
incubation in growth medium. a) Representative images of the infrared signal of ar-
rays of micropattern hMSC in triangular, square or circular shapes immunolabelled
against phosphorylated MCL2 (p-myosin IIa) or global myosin IIa (pan-myosin IIa).
b) Quantiﬁcation of the ratio of phosphorylated MCL2 over pan myosin IIa sig-
nal intensities of whole cell microarrays in triangular, square or circular shape as
indication of cellular myosin IIa phosphorylation level. Values are means ± S.D
of three independent experiments performed in duplicate. * equals ρ < 0.05 and
** equals ρ < 0.01 according to one-way ANOVA analysis followed by Turkey and
Bonferoni Post-Hoc tests.
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3.3 Conclusion
A simple technique to produce cell micropatterned monolayers on single cell reso-
lution with extraordinary long-term stability properties currently only possible to
achieve by more complex systems requiring expertise and equipment usually not
available in a biology laboratory was developed. This system was then utilized to
produce cellular arrays of single cells in deﬁned geometries, including triangular,
square and circular shaped cells with identical surface area. By using immunoﬂu-
orescence and electron microscopical analysis, the cell cytoskeleton was found to
show very speciﬁc and reproducible arrangements depending on the underlining
cell geometry. Moreover, analysis of actomyosin contraction by ﬂuorescence inten-
sity heatmaps and In-Cell Western revealed a drastic diﬀerence in cell contractility
and tension between diﬀerent cell geometries, highest in triangular geometries and
lowest in round cells, indicating that cell architecture and tension can be directed
by cell geometry. Overall, these experiments suggest that cell morphology and
resulting actomyosin generated tension can be directed by the underlining cell
shape.
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4 Geometrical Cues in Human
Mesenchymal Stem Cell
Diﬀerentiation
4.1 Introduction
Stem cells are undiﬀerentiated cells found in multicellular organism with the capac-
ity for unlimited or prolonged self-renewal by producing diﬀerentiated and special-
ized progenies [360]. They hold the key to a number of cellular processes, including
development, tissue regeneration, and aging, and are a promising cell source for
tissue engineering and regenerative medicine [361, 162]. Tissue engineering follows
the principles of cell transplantation, materials science, and engineering towards
the development of biological substitutes that can restore and maintain normal
function. The strategies in tissue engineering fall into two categories: Acellular
scaﬀolds that depend on the body's natural ability to regenerate and support this
process by proper orientation and direction of new tissue or scaﬀolds that are
transplanted into the body with allogenic or autologous cells attached [15]. In any
case, strict control of stem cell behaviour, especially diﬀerentiation, is a funda-
mental requirement to enable these therapies. This is only possible, if the factors
aﬀecting cell behaviour are known. All external signals that control stem cell fate
collectively make up the stem cell microenvironment, called the stem cell niche
[360]. In vivo, stem cell niches consist of soluble and surface-bound signalling
factors, cell-cell contacts, support cells, ECM, and local mechanical microenviron-
ments. Traditionally, the focus of stem cell fate regulation has been on biological
factors, such as cytokines and growth factors and more recently, with the rapid
development of ﬁeld of mechanobiology, the importance of physical factors became
apparent [87].
By using a cell micropattern system with cell adhesive square shaped micro-islands
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in diﬀerent sizes that allowed cell spreading to be constrained, it was found that
single mesenchymal stem cells can be directed into diﬀerent cell lineages solely
based on their cell adhesion area. hMSCs spread over a larger microislands (10000
µm2) favoured an osteoblast fate, whereas cells constrained on smaller islands (1024
µm2) promoted adipogenesis. Inhibition of RhoA/ROCK induced cell contractility
was found to decrease or even reverse cell spreading dependent linage commitment.
Similar results were reported by constraining cell spreading using diﬀerent cell den-
sities on a non-pattered cell adhesive substrate [217]. The fact that mesenchymal
diﬀerentiation can be regulated solely based on diﬀerent cell spreading was fur-
ther conﬁrmed with a diﬀerent system based on diﬀerent substrate stiﬀnesses. A
higher matrix elasticity of the underlining substrate induces increased Rho/ROCK
spreading resulting in osteogenic lineage commitment of mesenchymal stem cells,
while lower matrix elasticity results in adipogenic diﬀerentiation [81]. Increasing
cell spreading results in a larger cell adhesion area and therefore in an increased
integrin binding. It is well known that integrin binding plays an important role
in cell regulation. Therefore, the question arises if the observed regulatory eﬀect
of cell spreading in cell diﬀerentiation is induced by change in integrin binding.
By using a micropattern system where cells are forced to bridge from one adhe-
sive island to the next when they spread, it was suggested that cell spreading
induced changes in focal adhesion formation and cytoskeleton is independent of
cell adhesion area and integrin binding [49].
As a consequence changes in Rho/ROCK and therefore its associated eﬀects on
cell diﬀerentiation can potentially be induced independent of cell adhesion area
and integrin binding. This was conﬁrmed in a more recent landmark study by
Kilian et al. based on cell micropattern with diﬀerent geometric features but
identical cell adhesion area. It was found that solely cell geometry can induce
Rho/ROCK mediated cell contractility independent of cell spreading and there-
fore induce diﬀerent cell lineage commitment in hMSCs [166]. Even more recently,
cell geometry-dependent diﬀerentiation was conﬁrmed with another micropattern
system in which cell patterns were produced by using RGD-coated gold micropat-
terns on a non-adhesive PEG-hydrogel. Similar to before, it was reported that
concave shapes promote osteoblasts formation. However, this tendency was ex-
plained by the perimeter of the cell borders on the adhesive micropatterns with
diﬀerent shapes [251]. Indeed, pattern geometries that lead to higher cell con-
tractility in general have a larger perimeter. In a study by Thery et al. it was
shown that the cell contractility regulated diﬀerent distribution of stress ﬁbres is
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independent of the cell perimeter but dependent of the adhesive pattern geometry
[337]. By using polystyrene micropatterns with diﬀerent shapes but same surface
area hMSC diﬀerentiation was studied in adipogenic diﬀerentiation medium. In
this study no cell geometry-dependent diﬀerences in lipid vacuoles based on an oil
red stain was reported [323].
In order to further unravel the connection between cell geometry and lineage com-
mitment in hMSCs, the eﬀect of cell spreading and size with the cell micropattern
system described in the previous chapter was analysed. By using diﬀerently sized
and shaped hMSCs micropatterns hMSCs lineage commitment in either adipogenic
and osteogenic lineages were shown to be dependent on cell shape and spreading.
Furthermore, cell geometry-dependent cell contractility and cytoskeleton forma-
tion as described in the previous chapter were found to mediate the observed cell
geometry-dependent hMSCs lineage commitment.
4.2 Results and Discussion
Two dimensional cell micropatterns were generated as described in the previous
chapter. Three diﬀerent pattern sizes (3600, 1350, 950 µm2) in three diﬀerent
shapes (triangle, square, circles) were used to investigate cell spreading and cell
shape-dependent diﬀerentiation. Mesenchymal stem cells were incubated in mixed
adipogenic and osteogenic diﬀerentiation medium over 7 days which results in a
mixed population of adipocytes and osteoblasts as described previously [166]. The
resulting ratio of cell shape-and spreading dependent adipogenic or osteogenic stem
cell fate was subsequently analysed by using diﬀerent read-outs.
4.2.1 Analysis of Alkaline Phosphatase and Lipid vacuoles
Adipogenic or osteogenic diﬀerentiation was analysed by staining hMSCs for alka-
line phosphatase expression as a marker of osteoblast formation and subsequently
with oil red to monitor lipid vacuoles formation as an indication of adipogene-
sis colorimetrically. As a result micropatterned hMSCs displayed either alkaline
phosphatase or oil red signal and were therefore either classiﬁed as osteoblasts
or adipocytes. Cells showing a mix of both markers or no signal at all were dis-
regarded. Figure 4.1 shows representative images of adipocytes (oil red signal,
red) or osteoblasts (alkaline phosphatase signal, blue) for all cell micropattern
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shapes and sizes analysed. By visual examination of the images, it was found that
larger micropattern sizes tend to become osteoblasts while smaller ones become
adipogenic. Cell geometry was found to be able to direct cell lineage commitment
especially in intermediate microisland sizes resulting in more osteoblasts compared
to adipocytes in triangular and square shaped cells compared to round ones.
Figure 4.1: Representative Images of micropatterned hMSCs incubated for 7 days on ﬁ-
bronectin micropatterns in diﬀerent sizes (3600, 1350, 950 µm2) and shapes (tri-
angular, square, circular) in mixed osteogenic and adipogenic mesenchymals diﬀer-
entiation medium. Cells were co-stained for lipid droplets (Oil red) and alkaline
phosphatase as marker for adipogenesis or osteogenesis respectively. For each mi-
croisland size and shape a representative image of single hMSC showing either
adipogenic or osteogenic markers is presented for illustration purposes. Scale bar
= 25μm
In order to analyze these diﬀerences quantitatively, oil red and alkaline phosphatase
signals in raw microscopy images were separated computationally by using a colour
deconvolution algorithm as illustrated in Figure 4.2. The ratio of the intensities of
the two separated images was subsequently quantiﬁed for each single cell analysed
as an indication either adipogenic or osteogenic stem cell fate. The results are
summarized in Figure 4.3 and reveal that the microisland size has a clear eﬀect on
cell diﬀerentiation in all microisland geometries. Larger cell micropatterns (3600
µm2) resulted in a higher alkaline phsophatase intensity indicating that larger
cell spreading promotes osteoblast diﬀerentiation whereas hMSCs on smaller (950
µm2) ﬁbronectin micropattern result in increased adipogenesis. This indicates,
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that cell spreading inﬂuences hMSC diﬀerentiation and results in higher osteoge-
nesis in more spread cells, which is in line with what has been found previously
[217]. However, circular shaped micropatterned cells show a higher asdipogenic
over osteogenic fate in intermediate compared to small microisland sizes which is
not in line with the trend observed in triangular and square shaped cell micropat-
terns. However the observed diﬀerences are very small and it is diﬃcult to draw
conclusions from these experiments because of the relativley small sample size.An
eﬀect of cell micropattern shape on cell diﬀerentiation was only found in interme-
diate and smaller sized micropatterns (950, 1350 µm2). In particular medium sized
micropatterns showed a clear eﬀect of cell geometry. A possible explanation for
the fact that shape-dependent diﬀerentiation is only observed in medium pattern
sizes but less in larger (3600 µm2) or smaller (950 µm2) patterns could be that the
shape-dependent eﬀect overlaps with the size dependence. Therefore, there might
be a size or shape dependence in all pattern sizes analysed but the eﬀect of the
size itself dominates the shape eﬀect. Kilian et al. studied the shape-dependent
diﬀerentiation also only with patterns of an intermediate size where the size eﬀect
was neither promoting adipocyte nor osteoblasts diﬀerentiation [166]. However,
the results in Figure 4.3 are based on a fairly low number of cells quantiﬁed, in
particular large cell micropatterns (3600 µm2) favoured multiple cells over single
cells resulting in a low number of single cell micropatterns which makes it diﬃcult
to draw conclusions from these experiments.
Further experiments of hMSCs incubated on triangular, square and circular shaped
ﬁbronectin micropatterns with intermediate (1350 µm2) surface area in mixed dif-
ferentiation medium were performed in order to gain statistically relevant obser-
vations and are summarized in Figure 4.4.
More than 90% of cells on circular shaped micropatterns diﬀerentiated into adipocytes
whereas square and triangular shaped cell patterns both showed values around
60%. This diﬀerence correlates with the previously observed cell contractility,
which is higher in squares and triangles compared to circles indicating that higher
contractility promotes osteogenesis. A similar link between cell contractility and
diﬀerentiation was reported by previous studies [166, 251]. Additionally, an overview
of the distribution of all cells analysed for each micropattern shape is shown in
Figure 4.5.
Even though, the results obtained form several diﬀerent experiments suggest a clear
cell shape dependent trend and hMSCs obtained from PromoCell were validated
by the company by using FACS analysis of diﬀerent surface markers, it would
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be important to test the cells again by FACS analysis when defrozen or cultured
over an extended period of time. For the diﬀerentiation experiments it would also
be important to analyse the hMSC lineage commitment by using adipogenic and
osteongic diﬀerentiation medium seperately and compare to growth medium as
a negative control in order to validate that cells actually diﬀerentiate into these
lineages. RT-PCR analysis for a range of diﬀerent MSC diﬀerentiation markers
would probably be most suited for subsequent analysis
Figure 4.2: Illustration of colour deconvolution algorithm based red (oil red) and blue (alkaline
phosphatase) colour separation of raw microscopy images of hMSCs incubated for
7 days on circular ﬁbronectin micropatterns in sizes (3600 or 950 µm2) .
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Figure 4.3: Quantiﬁcation of immunohistochemical analysis as indication for cell shape and size
dependent diﬀerentiation. Images of single hMSCs on ﬁbronectin micropatterns in
diﬀerent sizes (3500, 1350, 950 µm2) and diﬀerent shapes (triangle, square, circle)
incubated for 7 days in mixed osteogenic and adipogenic mesenchymals diﬀerenti-
ation medium. Cells were and co-stained for lipid droplets (Oil red) and alkaline
phosphatase as marker for adipogenesis or osteogenesis were quantiﬁed based on
an deconvolution algorithm. Three independent experiment performed in duplicate
(total n per condition = 40 for 3500 µm2microisland sizes ; total n per condition
= 120 for 1350 or 950 µm2 microisland sizes).
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Figure 4.4: Quantiﬁcation of immunohistochemical analysis as indication for cell shape-
dependent diﬀerentiation with a large sample size. Images of single hMSCs incu-
bated for 7 days on ﬁbronectin micropatterns in diﬀerent shapes (triangle, square,
circle) with 1350 µm2 surface area in mixed osteogenic and adipogenic mesenchy-
mals diﬀerentiation medium. Cells were ﬁxed and co-stained for lipid droplets (Oil
red) and alkaline phosphatase as marker for adipogenesis or osteogenesis were quan-
tiﬁed based on an deconvolution algorithm. 6 independent experiment performed
in duplicate (total n per condition = 40 for 3500 µm2microisland sizes ; total n per
condition = 120 for 1350 or 950 µm2 microisland sizes). Values are means ± S.D
of 300 cells per condition (n = 300) from six independent experiments performed
in duplicate. *** equals ρ < 0.001 according to one-way ANOVA analysis followed
by Turkey and Bonferoni Post-Hoc tests.
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Figure 4.5: Frequency plots of Oil red and Alkaline Phosphatase signal intensity of all cells
quantiﬁed as summarized in Figure 4.4.
4.3 Conclusion
By using diﬀerently sized (3600, 1350, 950 µm2) and shaped (triangular, square,
circular) cell micropatterns we studied cell shape and spreading dependent diﬀer-
entiation of hMSCs as assessed by a colorimetric assay analysing lipid droplets and
alkaline phosphatase and an adipogenic and osteogenic commtment marker respec-
tively. It was found that higher cell spreading results in increased osteogenic fate
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whereas more constrained adhesion promotes adipogenesis. Especially interme-
diate sized cell micropatterns (1350 µm2) show a clear eﬀect on stem cell lineage
commitment dependent on the underlining shape of the cell. Higher cell contractil-
ity inducing cell geometries such as triangular and square shaped micropatterned
hMSC were found to induce osteogenesis whereas round cells which show lower
cell contractility result in mostly adipogenic diﬀerentiation. The results obtained
are mostly in line with previous publications and strengthen the evidence that cell
spreading and geometry aﬀect mesenchymals stem cell diﬀerentiation.
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5 Cell shape-dependent Lipid
Dynamics and Lipid Rafts
Formation
5.1 Introduction
The plasma membrane of living cells is a heterogeneous environment with lateral
segregation potential based on preferential association between speciﬁc compo-
nents such as sphingolipids, sterols and membrane proteins [190, 37, 313]. It was
shown that this lateral segregation results in discrete cholesterol-rich plasma mem-
brane microdomains, called lipid rafts, which can structurally range from nanoscale
structures to molecular assemblies that are microns in size [384, 305, 314]. Lipid
rafts are rapidly attracting increasing attention as important regulators of cell sig-
nalling because of their ability to include or exclude proteins to variable extents
and therefore favour speciﬁc protein-protein interactions [314].
There is a strong indication from literature, that lipid rafts and cell cytoskeleton
are closely linked. Many cytoskeletal proteins, such as myosin, supervillin, vi-
mentin, and especially actin were reported to interact with lipid rafts as suggested
by several proteomic as well as in vivo FRET studies studies [356, 25, 229, 54].
In line with this observation, events resulting in enhanced formation of cytoskele-
tal networks, such as cell adhesion, were found to increase lipid rafts formation.
Experiments with model lipid membranes indicate that actin network formation
induces phase separation and heterogeneity therefore indicating an active role of
actin network in membrane organisation [191]. Furthermore, it was found that raft
nanoclusters that are less than 20 nm in diamenter are associated with ﬁlamentous
actin and activation of actin polymerisation and attachment to the cell membrane
upon activation signals leads to large scale clustering of of the raft nanoclusters
into macrodomains [278]. Using the polarity sensitive cell membrane dye Laurdan
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and two Photon Microscopy revealed that membrane order is highly dependent
on caveolae and focal adhesions [107]. On the other side it also became evident
that lipid rafts are not only induced by cell cytoskeleton but also actively regulate
cell adhesion and cell cytoskeleton arrangements. Cell adhesion and spreading as
well as subsequent generation of cell contractility are dependent on integrin sig-
nalling and focal adhesion formation, which are mediated by small GTPases such
as Rac, Rho and Cdc42 [84], which were found to be dependent on lipid rafts [268].
Furthermore, cholesterol depletion, which is known to disrupt lipid rafts, was also
shown to inhibit cortical actin formation [114]. Furthermore, the interaction be-
tween lipid rafts and cell cytoskeleton was also indicated to have implications on
cell signalling. It was found that lipid rafts in combination with actin-based cy-
toskeleton barriers are responsible for the conﬁnement of the transferrin receptor
protein. A free-like diﬀusion was observed when both the lipid-dependent and
cytoskeleton-based organisations were disrupted, which suggests that these are
two main compartmentalizing forces at work in the plasma membrane [186].
Given the strong connection between lipid rafts and cell cytoskeletal arrangement,
it was hypothesized that cell geometry not only induces changes in cell cytoskeleton
and contractility as reported earlier but might also play an active role in plasma
membrane morphology and lipid raft formation. In order to investigate that the
plasma membrane of micropatterned hMSCs in diﬀerent geometries that showed a
distinct cytoskeletal arrangement as described in the previous chapter was analysed
by using several cutting edge imaging techniques.
5.2 Results and Discussion
5.2.1 Lipid raft analysis by Total Internal Reﬂection
Fluorescence Microscopy
For high resolution microscopy and analysis, we developed a novel micropattern
setup compatible with total internal reﬂection ﬂuorescence microscopy (TIRF),
which is based on thin glass substrates spin coated PDMS adapted from a previous
report [123]. TIRF allows to image the plasma membrane adherent to the substrate
with a high signal to noise ratio and a spatial resolution higher than conventional
confocal microscopy [212]. The principle is based on the diﬀerence in refractive
index between the sample (h2) and the objective and glass (h1). The laser beam
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is focused oﬀ-axis at the back focal plane of the objective lens. When the light
exits the objective lens, it passes through the immersion oil and into the cover slip,
which are matched in refractive index. When the excitation light beam propagating
through the glass cover slip encounters the interface with the aqueous sample, the
direction of travel of the light beam is altered (Fig. 5.1).
Figure 5.1: Schematic illustration of TIRF Microscopy
If the angle of the excitation light on the interface, is greater than the `critical
angle', the light beam undergoes total internal reﬂection (TIR) and does not prop-
agate into the sample. The critical angle, (Jc), is given by Snell's law and depends
on the refractive indices of sample (h2) and cover slip (h1):
Jc = arcsin(
h1
h2
)
Therefore, to achieve TIR, the refractive index of the sample must be less than
that of the cover slip. If the angle of incidence is less than Jc, most of the
excitation light propagates through the sample, which is what occurs in normal
epiﬂuorescence. However, if the angle of incidence is greater thanJc, the excitation
light is reﬂected oﬀ the cover-slip-sample interface back into the cover slip. In
this case, some of the incident energy penetrates through the interface, creating
a standing wave called the evanescent ﬁeld (see Fig. 5.1). The intensity of the
evanescent ﬁeld decays exponentially with distance from the interface. Therefore,
a ﬂuorophore that is closer to the interface will be excited more strongly than
a ﬂuorophore that is further from the interface. Consequently, only ﬂuorescence
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excitation from this ﬁeld is observed by TIRF microscopy. The thickness of this
ﬁeld depends on the refractive indices as well as the NA of the objective lens
but is generally for sample (water) and coverslip-lens (glass) around 60-100nm.
Therefore, this oﬀers a very high resolution in z-direction and an exceptional signal
to noise ratio [212].
To image membrane heterogeneity and lipid rafts, FITC-conjugated cholera toxin
B subunit (CTB) was used, which has been reported to bind speciﬁcally to lipid
rafts and is commonly used as the gold standard for their identiﬁcation [28]. Signiﬁ-
cantly higher FITC-CTB signals on the plasma membrane of triangular and square
hMSCs compared to round cells (2 and 1.5 fold, respectively) was detected (Fig.
5.2, top row; Fig. 5.3). Filipin III binds non-esteriﬁed sterols and is often used for
identiﬁcation of cellular cholesterol [372], which is a characteristic component of
lipid rafts. The intensity of ﬁlipin III ﬂuorescence on the plasma membrane of hM-
SCs was around 20% and 10% higher in triangular and square cells, respectively,
compared to round cells (Fig. 5.2 middle row; Fig. 5.3). Caveolae are caveolin-1
positive lipid rafts often regarded as cell signalling and endocytosis hubs. More
recently, a mechanosensitive role has been attributed to caveolae, whereby these
plasma membrane invaginations mediate cell adaptation caused by acute osmotic
stress and membrane stretching [317]. Cells were stained for caveolin-1 and im-
aged by TIRF microscopy (Fig. 5.2, bottom row). Image quantiﬁcation revealed
around 20% more caveolin-1 on triangular and square cells compared to round
cells (Fig. 5.3), corroborating data obtained with CTB and ﬁlipin III. Altogether
this indicates that cell micropattern shape aﬀects the abundance of lipid rafts on
the substrate facing plasma membrane. The results suggest that triangular and
square shaped cell micropatterns show more lipid rafts compared to round cells
with identical surface area (1350 µm2). According to Chapter 3 the triangular and
square shaped ﬁbronectin micropatterns induce higher cell contractilities compared
to circular shaped micropatterns indicating a possible connection between cell con-
tractility and lipid raft formation. However, further experiments are required in
order to investigate this.
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Figure 5.2: Representative TIRF microscopy images of the cell plasma membrane-substrate
interface of hMSCs incubated for 24 hours on ﬁbronectin micropatterns in diﬀerent
shapes (triangle, square, circle) with 1350 µm2 surface area. Cholera Toxin Subunit
B is a marker for lipid rafts. Filipin III stains for accumulation of cholesterol
therefore indirectly indicating presence of lipid rafts. Caveolin-1 stains caveolae
which are caveolin-1 positive lipid rafts. All markers show a clear trend of lipid
rafts accumulation in triangular and square shaped cells compared to round cells.
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Figure 5.3: Quantiﬁcation of TIRF images as in 5.2. hMSCs incubated for 24 hours on ﬁ-
bronectin micropatterns in diﬀerent shapes (triangle, square, circle) with 1350 µm2
surface area. Samples were stained for the three lipid rafts markers CTB, Filipin
III and Caveolin-1. Each condition represents an average of 50 cells per stain from
3 independent experiments (total n per condition = 50). Box plot shows com-
plete data range, bottom and top of box represents 25% 75%, *** equals ρ <0.001,
* equals ρ <0.05 according to one-way ANOVA analysis followed by Turkey and
Bonferoni Post-Hoc tests.
Indication for cell geometry-dependent diﬀerences in caveolae were also found by
qualitative ﬂuorescence microscopy analysis of caveolin-1 stained micropatterned
hMSCs. Triangular and square shaped but not round cells showed pronounced
ﬂuorescence intensities around the edge of the micropatterns that co-localized with
the intracellular stressﬁbres localisation previously analysed.
Figure 5.4: Representative immunoﬂuorescence images of hMSCs incubated for 24 hours on
ﬁbronectin micropatterns in diﬀerent shapes (triangle, square, circle) with 1350
µm2 surface area. Samples were subsequently ﬁxed and stained for caveolin-1.
Arrows indicate areas with high caveolin intensity. Scale = 20 μm.
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5.2.2 Plasma Membrane Morphology Analysis by
Focused-Ion-Beam (FIB) Microscopy
Caveolin-1 is the main component of caveolae, which structurally distinct invagina-
tions on the plasma membrane [317]. Therefore an increased expression of caveolin-
1 as well as lipid rafts formation might result in increased formation of plasma
membrane invaginations. Furthermore, as cytoskeleton and plasma membrane are
physically connected [55], changes in cell contractility might induce morphological
changes in the plasma membrane which may or may not be linked to cell geometry
induced lipid rafts formation and caveolin formation. We therefore hypothesized
that cells with higher cytoskeletal contractility display diﬀerent plasma membrane
morphologies. To explore this possibility, we developed an innovative technique
based on focused-ion-beam (FIB) microscopy, which can generate high resolution
electron micrographs of cross-sections of cells in situ. We applied this technology to
investigate the ultra-structure of the substrate facing plasma membrane at deﬁned
positions while being able to link it back to the overall cell shape and morphology
(Fig.5.5). By using this technology, we report for the ﬁrst time a characteristic cell
geometry-dependent diﬀerences in plasma membrane morphology. Cell geometries
shown to induce a higher cell contractility resulted in more curved substrate facing
plasma membrane with many characteristic invaginations while lower contractility
inducing shapes result in a very smooth and straight plasma membrane (Fig. 5.6).
Figure 5.5: In situ FIB generated micrograph of a whole cell cross section plasma membrane.
hMSCs were incubated for 24 hours on ﬁbronectin micropatterns in diﬀerent shapes
(triangle, square, circle) with 1350 µm2 surface area. Representative high resolution
electron micrographs of a whole cross-section of ﬁbronectin microisland substrate
facing plasma membrane of square shaped micropatterned hMSCs generated by
focused-ion-beam microscopy in situ for illustration purposes. Image aquisition by
Dr. S. Bertazzo.
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Figure 5.6: High resolution electron micrographs of cross-sections of cells in situ generated by
focused-ion-beam microscopy. hMSCs were incubated for 24 hours on ﬁbronectin
micropatterns in diﬀerent shapes (triangle, square, circle) with 1350 µm2 surface
area. Cross-section analysed with high magniﬁcation reveals speciﬁc cell geometry-
dependent morphology of the cell plasma membrane facing the ﬁbronectin microis-
land substrate. Image aquisition by Dr. S. Bertazzo.
In order to analyze these morphological diﬀerences between cell micropatterns in
diﬀerent shapes quantitatively, the curvature of the membrane, determined by
measuring the relative change in length compared to a straight line, referred to as
tortuosity, was measured. We analysed the cross-section of individual micropat-
terned cells in the middle region of cell micropatterns. Evaluating the tortuosity
quantiﬁcation revealed more than 10 and 3.5 fold higher membrane curvature of
micropatterned hMSCs in triangular and square geometries, respectively, com-
pared to circular cells (Fig. 5.7). Furthermore, an increased number of membrane
invaginations in the size range of 50-100 nm resembling caveolae was observed in
triangular and square cells (Fig. 5.6, bottom row, arrows). Compared to TIRF
microscopy quantiﬁcaiton of caveolin-1 plama membrane signal intensity the cell
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shape dependent diﬀerences in plasma membrane invaginations were clearly higher
than the ones observed in caveolin-1 intensity by TIRF. A possible explanation for
this could be that the invaginations observed by FIB microscopy are not all cave-
olae. However, these analysis techniques are based on either electron microscopy
or immunoﬂuorescence which makes a direct comparasion diﬃcult.
Figure 5.7: Quantiﬁcation of membrane morphology of cell micropattern cross-sections based
on images as in Figure 5.6 (bottom row). Membrane tortuosity as a measurement
of membrane curvature (left panel) as well as number of plasma membrane in-
vaginations (right panel) was quantiﬁed based on 50 cross-section images from 5
independent cells for each micropatterned shape (n = 5). Values are means ± S.D.
*** equals ρ <0.001 according to one-way ANOVA analysis followed by Turkey and
Bonferoni Post-Hoc tests.
To further analyse membrane curvature, 3D reconstructions of the membrane mor-
phology were generated based on an automated in situ FIB technique. 70 slices
of a cicular shaped micropatterned hMSC with a step size of 50nm were imaged
by in situ FIB microscopy resulting in a reconstructed plasma membrane surface
with 3500 x 7000 nm dimensions (Fig.5.8). The surface is very smooth and shows
almost no topographical features. Additionally, 100 slices of a triangular shaped
micropatterned hMSC were imaged by in situ FIB microscopy again with 50nm
step size resulting in a resonstructed plasma membrane surface with 5000 x 7000
nm dimensions (Fig. 5.9). The 3D reconstruction of an area within a triangular
shaped cell showed a drastically diﬀerent topography compared to the round cells,
which further underlines quantitative results obtained in the previous results. It
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is important to note that this represents the ﬁrst 3D reconstruction of cell plasma
morphology, which oﬀers important novel insights such as the shape of lipid invagi-
nations, which appear to be far less heterogenious and symetric than previously
assumed in text books.
Figure 5.8: 3D reconstruction of a random region on the ﬁbronectin microisland substrate
facting plasma membrane in a circular shaped micropatterned hMSCs after 24
hour incubation. Reconstruction is based on 70 micrographs milled by FIB. The
dimension of the are is 3500 x 7000 nm. Image aquisition by Dr. S. Bertazzo.
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Figure 5.9: 3D reconstruction of a random region on the ﬁbronectin microisland substrate
facting plasma membrane in a triangular shaped micropatterned hMSCs after 24
hour incubation. Reconstruction is based on 100 micrographs milled by FIB. The
dimension of the are is 5000 x 7000 nm. Image aquisition by Dr. S. Bertazzo.
5.2.3 Plasma Membrane Lipid Dynamics Analysis by Live
Cell Fluorescence Lifetime Microscopy (FLIM)
Membrane order is usually described by the degree of lipid packing, the thickness
of the lipid bilayer and the rotational freedom of lipids within the bilayer can be
used as an indication of membrane heterogeneity and lipid raft formation. Re-
cently a new microscopy based technique was reported that allows to probe the
degree of lipid packing as an indication for membrane order and therefore speciﬁc
membrane domains. The degree of lipid packing can be quantiﬁed by polarity-
sensitive ﬂuorescent probes that sense the change in local environmental polarity
caused by more eﬃcient packing which excludes polar water molecules from the
otherwise non-polar bilayer [241].
Polarity-sensitive ﬂuorescent membrane probes include Laurdan (6-lauryl-2-dimethylamino-
napthalene) and more recently introduced di-4-ANEPPDHQ, which is ideal for live
cell microscopy and excites at 488 nm and can therefore be used on most stan-
dard confocal microscopes. These dyes are solvatochromic and show an increase in
charge separation when excited in polar solvents, which results in a larger dipole
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moment. These dyes therefore have more than one excited state: A locally excited
state intrinsic to the ﬂuorophore and an internal charge transfer state created by
the larger dipole moment. These transitions from locally excited state states in
non-polar solvents to internal charge transfer states in polar solvents shift the
emission maxima. In di-4-ANEPPDHQ's case, the less-polar membrane environ-
ment of the liquid-ordered phase (often regarded as synonymous with lipid rafts)
induces a 60-nm spectral blue shift between the disordered and ordered bilayer
phases (Fig. 5.10).
Figure 5.10: Schematic of membrane ordered and disordered emission state of di-4-
ANEPPDHQ.
This shift in emission proﬁle between liquid-disordered and liquid-ordered phases
allows a quantitative assessment of membrane order by calculating a radiometric
measurement of the ﬂuorescence intensity recorded in two spectral channels, known
as a generalized polarization (GP) value. GP value is the diﬀerence in intensity
between the two diﬀerent emission state over the sum of the sum of the two emission
intensities. Measuring membrane order based on the GP value has been used in
several studies successfully.
However, for these polarity-sensitive membrane dyes, such as di-4-ANEPPDHQ
the emission spectra for each lipid phase remain heavily overlapped [241]. This
can be avoided by using ﬂuorescence lifetime (FLIM) imaging. FLIM is an imaging
technique that temporally resolves ﬂuorescence proﬁles after pulsed excitation. It
determines the average ﬂuorescence decay time for each pixel in the ﬁeld of view
and produces a map (or series of maps) of lifetime data, which provides valuable
information about the local ﬂuorophore environment [80, 31]. Like the quantum
eﬃciency, the ﬂuorescence lifetime (t) depends on both the radiative (T) and
nonradiative (k) decay rates:
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τ =
1
(Γ− k)
The radiative decay rate T is related to the transition oscillator strength, while the
nonradiative decay rate k can vary depending on factors in the local environment
including local pH, calcium ion concentration, physical factors. Therefore, by mea-
suring the ﬂuorescence lifetime, ﬂuorescent probes may be employed to produce
functional maps of perturbations in such environmental factors by recording dis-
tributions of changes in k. As the quantum eﬃciency is also dependent on k, the
same is also true for quantitative intensity measurements. Therefore, ﬂuorescence
lifetime allows to image diﬀerent ﬂuorophore environments (via k) and contrast
diﬀerent ﬂuorophore species, via T, for any ﬂuorescent sample [80].
The two main methods in FLIM to obtain time-resolved ﬂuorescence data are
single-photon timing (also called time-correlated single photon counting (TCSPC))
and multi frequency phase modulation ﬂuorometry. Both techniques yield essen-
tially the same information and diﬀer mainly in how the time resolved ﬂuorescence
data are obtained either in the time domain or in the frequency domain. TCSPC
measures the arrival time arrival times of photons after pulsed laser excitation
resulting in a so called `ﬂuorescence intensity versus time' curve based on a his-
togram of many arrival times. This curves gives the ﬂuorescence decay described
as the I(t):
I(t) = αexp(−t/τ)
The a is the pre-exponential factor or amplitude and t the lifetime which can be
estimated by a variety of least-squares ﬁtting techniques. The actual observed
ﬂuorescence decay Iobs(t) is also dependent on excitation pulse p(t) is usually
obtained also experimentally by measuring the scattered excitation light [31].
It has been show that FLIM oﬀers greater contrast than spectrally resolved imag-
ing of di-4-ANEPPDHQ alone. Based on model systems were diﬀerent conditions
of lipid phases were induced using diﬀerent temperatures or cholesterol depletion,
it has been reported, that plasma membrane stained with di-4-ANEPPDHQ shows
a lifetime shift between liquid-disordered and liquid-ordered phases which allows
higher contrast than the spectrally resolved 60 nm spectral shift previously re-
ported [240]. Therefore, in order to further analyze cell geometry induced changes
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of the plasma membrane, micropatterned hMSCs stained for di-4-ANEPPDHQ
were analysed with a live cell microscopy FLIM system. di-4-ANEPPDHQ stained
hMSCs micropatterns samples were tested in diﬀerent imaging modes with exci-
tation at 473nm and constant temperature of 37C and measured the ﬂuorescence
lifetimes by time-correlated single photon counting (TCSPC). False colour images
of the substrate facing plasma membrane of micropatterned cells with the pixel
intensity representing the as ﬂuorescence lifetime measured by the ﬂuorescence de-
cay curve based on approximately 2000-3000 photons were obtained as illustrated
in Figure 5.11.
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Figure 5.11: FLIM map and a representative lifetime decay curve of hMSC incubated for 24
hours on a triangular shaped ﬁbronectin micropattern with 1350 µm2 surface area.
Collected raw image of a triangular shaped micropatterned hMSC stained with
di-4-ANEPPDHQ obtaind by live cell FLIM microscopy. The number of photons
per pixel represents image higher intensity on the left. On the right, computed
false coloured FLIM map of the same cell with colour representing higher calcu-
lated ﬂuorescence lifetime based on the ﬂuorescence decay curve per pixel (blue
= lowest; orange = highest). Below, representative decay curve calculated based
on 2570 photons measured that corresponds to the pixel highlighted by the blue
cursor for illustration purposes.
After optimizing the microscopy setting, the system was then used to analyze the
substrate facing plasma membrane of micropatterned hMSCs in triangular, square
and circular shape and constant adhesion area of 1350 µm2 24 hour post seeding
(Fig. 5.12). Lifetime values for false colour images were selected according to
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observed lifetime shift (1500-2000 ps). The higher end of the ﬂuorescence lifetime
shift is lower compared to previous observations [240]. This is possibly due to
the diﬀerent sample and conditions as well as data collection system used. Obser-
vation of FLIM map of the substrate facing plasma membrane of micropattered
cells resulted in clear intracellular diﬀerences with increased lifetime around the
perimeter of the cells especially in higher contractility cell geometries.
Figure 5.12: Representative FLIM maps of the ﬁbronectin microisland substrate facing plasma
membrane of hMSCs incubated for 24 hours on triangular, square or circular
shaped ﬁbronectin micropattern with 1350 µm2 surface area. Representative false
colour images based on analysis as illustrated in Figure 5.11 showing the ﬂuo-
rescent lifetime of substrate facing plasma membrane of micropatterned hMSCs
(1350 µm2 area) stained for di-4-ANEPPDHQ 24 hours post seeding obtained
life cell confocal microscopy with TCSPC. Lifetime values for false colour image
were selected according to observed lifetime shift (1500-2000 ps). Lower lifetime
(orange = 1500 ps); Highest lifetime (blue = 2000 ps) as indicted by the legend.
Higher lifetime means more lipid packing and therefore a lower lipid dynamics.
Experiments were performed three times in duplicate.
In order to further analyze the lipid packaging quantitatively, the average the
ﬂuorescence lifetime per cell micropatterns based on each individual pixel value
within the cell was calculated (Fig. 5.13). The average ﬂuorescent lifetime across
the whole substrate facing plasma membrane of each micropattered cell resulted in
no signiﬁcant diﬀerences between diﬀerent cell geometries. Circular shaped hMSC
micropatterns showed slightly higher ﬂuorescent lifetimes indicating a higher lipid
packing and more static environment which is not in line with the previously ob-
served increased lipid raft formation in higher contractility shapes as lipid rafts
show a higher degree of lipid packing. However, when micropatterned cells in-
cubated with cyclodextrin for 24 hours prior to imaging, the average lifetime de-
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creased in all three shapes signiﬁcantly, which in line with previous observations
[240].
Therefore, these results indicate intracellular diﬀerences between hMSCs micropat-
terns in diﬀerent cell shapes in the ﬂuorescence lifetime of di-4-ANEPPDHQ
stained substrate facing plasma membrane as an indication of lipid packing. How-
ever, signiﬁcant diﬀerences in the average ﬂuorescence lifetime within the whole
micropatterned cells were only observed in the substrate facing plasma membrane
of micropatterned cells when cells were depleted from cholesterol. This suggest that
ﬂuorescence lifetime analysis in combination with the polarity sensitive membrane
dye di-4-ANEPPDHQ allows to observe intracellular diﬀerences in lipid packaging
induced by cell shape qualitatively. Quantitative approaches seems to be more
challenging as the total averaged ﬂuorescent lifetime doesn't appear to change de-
pending on cell shape unlike the eﬀect of chemical perturbations. A possible reason
for that could be the several fold lower resultion of the FLIM images compared to
TIRF microscopy. In particular the limited stack resolution (approximately 1 mm)
suggest that the lifetime signal obtained is not only from the ﬁbronectin substrate
facing plasma membrane but also from within the cell which is in contrast to im-
ages obtained by TIRF microscopy that allow the much higher stack resolution
(approximately 100-200 nm in the existing setting). Furthermore, the quantiﬁca-
tion of FLIM images was based on averaging the ﬂuorescence lifetime values of
the whole cell. This does not take local diﬀerences within the cell into account for
which a quantiﬁcation based on segmentation of the data would be required.
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Figure 5.13: Quantiﬁcation of average lifetime of the ﬁbronectin microisland substrate facing
plasma membrane of hMSCs incubated on triangular, square or circular shaped
ﬁbronectin micropattern with 1350 µm2 surface area in presence of absence of
cyclodextrin. Cells were stained for di-4-ANEPPDHQ 24 hours post seeding and
imaged using life cell confocal microscopy with TCSPC. Quantiﬁcation was based
on lifetime maps as shown in Figure 5.12. Total average lifetime values of 20
individual cells per condition from three independent experiments was quantiﬁed
(n = 20). Values are means ± S.D.
5.3 Conclusion
By using several diﬀerent cutting-edge imaging techniques, including a newly de-
veloped FIB microscopy method for in situ imaging of cellular cross-sections, a
link between cell membrane morphology, lipid raft formation and cell geometry is
reported for the ﬁrst time. Analysis by high resolution TIRF microscopy shows
clearly higher intensity of lipid raft marker CTP, Filipin as well as caveolin-1. Fur-
thermore, quantitative analysis of plasma membrane invaginations by using FIB
generated micrographs of whole cell cross-sections of micropatterned cells show a
cell shape-dependent eﬀect on plasma membrane structure as assessed by tortuos-
ity and invagination analysis. The dimension of membrane invaginations resemble
caveolae this therefore indicate a possible correlation between FIB based plasma
membrane analysis with TIRF intensity quantiﬁcation of caveolin-1. Analysis of
the plasma membrane packaging by FLIM using a polarity sensitive membrane
dye resulted in no signiﬁcant diﬀerence between cell shapes but a signifcant eﬀect
of cholesterol depletion by cyclodextrin when the average of ﬂuorescence lifetime
of the whole cell was quantiﬁed. These results however are diﬃcult to interpret
because of limitations caused by the FLIM image aquisition such as the stack res-
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olution as well as the quantiative analysis which does not take local diﬀerences of
ﬂuorescence lifetime into account. Overall, in this Chapter cutting edge imaging
techniques were developed in order to explore the ﬁbronectin microisland facing
plasma membrane of cell micropatterns. The observations suggest that cell shape
aﬀects the plasma membrane lipid raft formation and as well as its curvature and
invaginations. These changes correlate with the cell shape induced changes in cell
contractility observed in Chapter 3 and suggest a possible link between cell plasma
membrane lipid raft formation and cell contractility which would be interesting to
explore in further investigations.
139
6 Cell Shape Guided
Diﬀerentiation mediated by the
PTB/ Akt Pathway
6.1 Introduction
The serine/threonine kinase Akt, also known as Protein Kinase B (PKB), has
emerged as one of the most important and versatile protein kinases at the core of
human physiology and disease. Activated by growth factors, cytokines and other
ligand-independent stimuli, Akt is involved in the regulation of diverse cellular pro-
cesses including cell survival, growth, proliferation, angiogenesis, metabolism, mi-
gration and diﬀerentiation [207]. The upstream Akt activator phosphatidylinositol-
3 kinase (PI3K) catalyses the conversion of membrane phosphatidylinositol 4,5-
bisphosphate (PI(4,5)P2) to phosphatidylinositol 3,4,5-trisphosphate (PI(3,4,5)P3),
which allows Akt and its activator PDK-1 to bind, resulting in the phosphoryla-
tion of the activation loop of Akt at T308. Lipid rafts are known to be enriched
in PI(4,5)P2 and PI(3,4,5)P3 [139] and are therefore likely to provide a permis-
sive milieu for the interaction between PDK-1 and Akt. Recently, it was reported
that Akt is more eﬀectively activated when localised in lipid raft regions, whilst
the disruption of lipid rafts in keratinocytes results in the inhibition of Akt sig-
nalling with a consequent increase in the susceptibility of apoptosis [180, 43, 104].
The results presented in the previous Chapter indicate that lipid raft formation is
dependent on cell shape and correlates with changes in cell contractility. It was
therefore hypothesized that cell shape-dependent changes in lipid raft formation
might regulate Akt signalling in mesenchymal stem cells. Changes in Akt signal
activation could possibly mediate the cell shape-dependent changes in mesenchy-
mal stem cell lineage commitment as reported in Chapter 4. In this Chapter, it
was aimed to analyse the Akt activation state of micropatterned hMSCs in diﬀer-
ent shapes as an indication of a cell shape-dependent Akt activation. In a second
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step it was aimed to link the eﬀect of cell geometry on Akt activation with lipid
raft formation as well as the cell cytoskeleton and cell contracility state by using
diﬀerent chemical inhibitors. Furthermore, possible upstream activators of cell
geometry-dependent Akt activation as well as a possible mediatory role in cell
shape-dependent diﬀerentiation of hMSCs were investigated.
6.2 Results and Discussion
6.2.1 Akt activity
As an indication of Akt activity, the phosphorylation level of Akt at its regulatory
site T308 in micropatterned hMSCs was measured which is commonly used to as-
sess the cellular Akt activation state In order to analyse this, the In-Cell Western
technique, which is based on infrared immunoﬂuorescence intensity analysis was
used to quantify T308 phosphorylation and pan Akt in arrays of 950 cells per
shape. Quantiﬁcation of the intensities resulted in a signiﬁcantly higher Akt T308
phosphorylation level in triangular cells (r = 0.00141) and square shape cells (r =
0.03957) compared to circular ones (Fig. 6.1). This indicates that Akt activation
is dependent on cell geometry. Increased Akt activation in triangular and square
shaped cells correlates with a higher cell contractility state and lipid raft formation
found in these cell geometries according to the results presented in the Chapters
3 and 4. The In-Cell Western technique analyses ﬂuorescence signal intensities
in the infrared region which is considered to be more quantitative that standard
immunoﬂuorescence analysis. However, the In-Cell Western technique does not
give information about the speciﬁcity of the antibody as obtained by a Western
blots of cell lysates. In particular antibodies speciﬁc for phosphorylated proteins
are known to be inconsistent and often result in a high variability. Therefore, in
order to validate both the speciﬁcity of the antibodies as well as the In-Cell West-
ern technique, Western blots of hMSCs micropattern cell lysates were performed
(Fig. 6.2). Two western blots using T308 phosphorylated Akt, pan Akt as well
as GAPDH antibodies were performed and non-patterned hMSC lysates were in-
cluded as a control. For both antibodies pan Akt as well as T308 phosphorylated
Akt resulted in deﬁned bands on the correct molecular weight region in all the con-
ditions analysed validating the speciﬁcity of the antibodies. Both western blots
show an increased amounth of T308 phosphorylated Akt in triangular compared
to circular shaped micropatterns which is in line with the previous observations
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with the In-Cell Western analysis indicating Akt T308 phosphorylation level to
cell shape-dependent and to be increased in a higher contractility cell geometry.
Furthermore, an increased pan Akt experession was observed in triangular shaped
hMSCs compared to round cells. This result suggest that not only the phospho-
rylation state but also the expression level of Akt is cell geometry-dependent and
increased in a higher contracility cell geometry. The total Akt expression level
normalized to DNA in micropatterned cells was also analysed by ICW however
no signﬁcant diﬀerence between triangular, square or circular shaped cells was ob-
served between two replica per condition in one independent experiment (data not
shown). A possible reason could be the low speciﬁcity of the DNA stain used for
normalisation purposes which is known to result in high variablity.
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Figure 6.1: Quantiﬁcation of Akt T308 and pan Akt signal intensity by In-Cell Western of
hMSCs on diﬀerently shaped ﬁbronectin micropatterns with 1350 µm2 surface area
after 24 hours. Results displayed as ratio of Akt T308 over pan Akt ratio relative to
circular shaped cells. Cells were treated with Y27632, cytochalasin D, Rapamycin,
Filipin III, methyl-β-cyclodextrin, Wortmannin, LY294002 or MK2206 for 24 hours.
Values are means ± S.D of three independent experiments performed in duplicate.
* equals ρ < 0.05 and ** equals ρ < 0.01 according to one-way ANOVA analysis
followed by Turkey and Bonferoni Post-Hoc tests.
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Figure 6.2: Western blots of cell lysates of hMSCs on triangular or circular shaped ﬁbronectin
micropatterns with 1350 µm2 surface area after 24 hours using T308 phosphorylated
Akt, pan Akt as well as GAPDH antibodies. Lysates of non-patterned hMSC
incubated for 24 hours were used as a control.
In order to further investigate the mechanism behind changes in Akt activity in-
duced by cell geometry, the link to the cytoskeleton and changes in cytoskeletal
contractility was explored. Cell contractility was inhibited with the Rho-associated
kinase (ROCK) inhibitor Y27632, which blocks myosin IIa light chain phosphory-
lation. Furthermore, cell cytoskeleton was disrupted using Cytochalasin D, which
interferes with actin polymerisation [199]. Both inhibitors caused reduced Akt
T308 phosphorylation in cells with higher contractility resulting in no signiﬁcant
diﬀerence amongst the shapes (Fig. 6.1). Disrupting lipid rafts by cholesterol
depletion using methyl-b-cyclodextrin (MbCD) resulted in similar eﬀects on Akt
phosphorylation as measured by inhibiting cell contractility (Fig. 6.1). In order
to exclude the possibility that changes in Akt activity induced by MbCD were not
directly due to lipid rafts disruption, we used the speciﬁc cholesterol binding agent
and lipid rafts inhibitor ﬁlipin III [297], which led to a comparable result (Fig. 6.1).
Taken together, these data suggest that Akt phosphorylation induced by changes
in cell geometry is dependent on cytoskeletal arrangement and contractility as well
as lipid rafts formation.
Furthermore, the role of PI3K in this process, which is commonly known as the
main upstream Akt activator through its conversion of membrane phosphatidyli-
nositol 4,5-bisphosphate (PI(4,5)P2) to phosphatidylinositol 3,4,5-trisphosphate
(PI(3,4,5)P3) that allows Akt and its activator PDK-1 to bind, was investigated.
Interestingly, hMSCs infected with an AdPI3K construct that should result in
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increased PI3K activity did not display any signiﬁcant diﬀerence in cell shape-
dependent Akt phosphorylation compared to AdGFP transfected control cells (Fig.
6.3). In hMSC micropatterneds transfected with the AdGFP control showed a
signiﬁcant increase in Akt T308 phosphorylation of triangular shaped micropat-
terns compared to circular ones. The increase is clearly lower compared to the
reported shape-dependent diﬀerence in Akt T308 phosphorylation level in non-
treated hMSC micropatterns. Additionally, square shaped hMSC micropatterns
transfected with AdGFP do not show a signiﬁcant diﬀerence in Akt T308 phos-
phorylation level compared to the cirular one (r = 0.6863) in contrast to the
results obtained with non-treated hMSCs. A possible explanation could be that
the possible eﬀects caused by the adenoviral transfection procedure and the GFP
transfection itself. Assuming hMSCs micropatterns transfected with the AdPI3K
construct showed increased PI3K activity, this indicates, that the observed de-
pendency of Akt activation on cell shape is independent of PI3K activation. But
inhibition of PI3K activity by LY294002 resulted in no signiﬁcant diﬀerences in Akt
T309 phosphorylation between the diﬀerent shapes (Fig. 6.1). This indicates that
PI3K activity inhibition abolishes the cell shape-dependent Akt T308 phosphory-
lation level in micropatterned hMSCs while increasing its activity has no eﬀect.
However, both chemical PI3K inhibitors, in particular wortmannin, were reported
to show a high degree of unspeciﬁty r[207], which makes the interpretation of these
results diﬃcult. Additional experiments would be required that inhibit the PI3K
activity more speciﬁcally such as analysing the eﬀect on Akt phosphorylation level
in si-PI3K transfected micropatterned cells depleted of PI3K.
Furthermore, it was investigated if other signalling molecule besides PI3K could
be invoked in the cell geometry-dependent Akt activation upstream. Several PI3K
independent Akt upstream activator were already reported [202]. One of those al-
ternative Akt upstream activators, non-receptor protein tyrosine kinase c-Src has
been shown to trigger Akt activation indirectly by interaction and activation of
PDK-1 through its SH2 domain [378]. It was also one of the ﬁrst tyrosine kinases
shown to directly phosphorylate AKT/PKB at highly conserved trysoine residues,
Y315 and Y326, that were found to be important for Akt activation [202]. c-Src is
bound to the cytosolic side of the plasma membrane, interacts with a variety of in-
tegrin receptors and has been shown to be involved in integrin dependent adhesion
and migration [283]. Interestingly, it was indicated by a recent study, that c-Src
activity is linked to lipid rafts. It was found, that glycosylphosphatidylinositol-
anchored membrane protein CD24 interacts with and promotes the activity of c-
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Src within lipid rafts in breast cancer cells, thereby increasing integrin-dependent
adhesion [21]. Therefore, there are indications that both cytoskeleton and lipid
rafts might be able to regulate c-Src activity, which could then activate Akt either
directly through phosphorylation at Y315/Y326 or indirectly through interaction
and activation of PDK-1, which would then itself phosphorylate and activate Akt
at it main site at T308. In order to investigate that, the Akt T308 phosphorylation
level of micropatterned hMSCs in presence of the Src inhibitor Dasatinib, which
blocks the kinase activity of Src family proteins including c-Src, was analysed [227].
It was found that c-Src inhibition by Dasatinib resulted into a clear decrease of
T308 phosphorylation level in higher contractility shapes but no eﬀects in round
cell geometries resulting into no clear cell geometry-dependent diﬀerences (Fig.
6.4). This observation suggests a possible involvement of c-Src in cell geometry-
dependent Akt activation by phosphorylation at T308. Given that PDK-1 is the
only kinase identiﬁed to phosphorylate Akt at T308 and c-Src has been shown
to interact and activate PDK-1 [378, 202], this opens up the exciting possibility
of the existence of a newly identiﬁed c-Src-PDK-1-Akt signalling axis regulated
by lipid rafts and cell contractility. However, this result was only performed once
and would need to be repeated in order to be able to gain statistically relevant
observations. Additionally, given the unspeciﬁcity of Dasatinib, knock-down ex-
periments invoving si-cSrc would be required to investigate that further. It would
also be interesting to analyse the eﬀect of c-Src inhibition on PDK-1 phosphoryla-
tion in order to investigate the involvement of PDK-1 in this process. Furthermore,
additional phosphorylation sites of Akt besides T308 would need to be analysed
namely S473 as an indication of Akt activation as well as Y315/Y326 as this site
was previously reported to be directly phosphorylated by c-Src. Treatment with
the selective allosteric Akt inhibitor MK2206 resulted in decreased Akt T308 phos-
phorylation in cells with higher contractility suggesting a possible positive feedback
mechanism (Fig. 6.1). mTOR complex 1 is an eﬀector acting downstream of Akt
while complex 2 is known to further activate Akt by phosphorylation of its S473
residue [292, 228]. Rapamycin is known to inhibit the kinase activity of mTORC1
but was considered not to interact with the distinct complex of mTORC2. How-
ever, it was demonstrated that prolonged rapamycin treatment reduces the level
of mTORC2 below those needed to maintain Akt signal activtation. Rapamycin
treated hMSC micropatterns resulted in a reduced Akt T308 phosphorylation in all
three diﬀerent cell micropattern shapes (Fig. 6.3). Therefore rapamycin treatment
seems to have an eﬀect on PDK-1 mediated Akt phosphorylation possibly through
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inhibition of mTORC2 mediated phosphorylation of Akt at its S473 residue which
is known to be required to fully activate Akt signalling. In order to investigate
that further it would be interesting to investigate this further by analysing the
phosphorylation level of Akt on the S473 residue.
Figure 6.3: Akt T308 phosphorylation level of cell micropatterns stabely transfected with
adPI3K construct with enhanced PI3K activity. Quantiﬁcation of Akt T308 and
pan Akt signal intensity by ICW of hMSCs stabely transfected with either adGFP
or adPI3K on diﬀerently shaped ﬁbronectin micropatterns with 1350 µm2 surface
area after 24 hours. Results displayed as ratio of Akt T308 over pan Akt ratio
relative to circular shaped cells. Values are means ± S.D of three independent
experiments performed in duplicate. * equals ρ < 0.05 and ** equals ρ < 0.01 ac-
cording to one-way ANOVA analysis followed by Turkey and Bonferoni Post-Hoc
tests.
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Figure 6.4: Akt T308 phosphorylation level of cell micropatterns treated with Src inhibitor
Dasatinib. hMSC were seeded on polystyrene ﬁbronectin micropatterns with 1350
µm2 surface area and incubated for 24 hours in presence of 100nM Dasatinib before
being ﬁxed and immunolabelled for pan Akt and subsequently analysed by TIRF
microscopy. Results displayed as ratio of Akt T308 over pan Akt ratio relative
to circular shaped cells. Values are means ± S.D of one experiment performed in
duplicate.
6.2.2 TIRF Microscopy Analysis of Cell Membrane
Recruitment of Akt
As Akt is recruited to the cell surface for its activation, Akt intensity on the
plasma membrane was quantiﬁed by TIRF microscopy (Fig. 6.5) of micropatterned
hMSCs stained against Akt. TIRF microscopy enables to image the ﬁrst 100 µm
into the sample with high spatial resolution and signal to noise ratio and therefore
making it ideal to image the substrate facing plasma membrane and associated
molecules as descripted in Chapter 5. The TIRF analysis showed clear diﬀerences
in Akt abundance between diﬀerent cell geometries. Cells in triangular and square
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shapes, which have previously been found to induce a higher cell contractility state
compared to circular cells, showed a clearly higher Akt abundance on the plasma
membrane.
Figure 6.5: Representative TIRF images of Akt on the substrate facing plasma membrane
of hMSCs micropatterns. hMSC were seeded on glass ﬁbronectin micropatterns
with 1350 µm2 surface area and incubated for 24 hours before being ﬁxed and
immunolabelled for pan Akt and subsequently analysed by TIRF microscopy. Bar
= 20µm.
Quantiﬁcation of 60 images per condition from 3 independent experiments showed
a signiﬁcant increase in Akt intensity on the plasma membrane surface of triangular
(r = 3.54838E-8) and squared cells (r = 0.00305) compared to round cells and a
signiﬁcant diﬀerence of Akt intensity between triangular and square shaped hMSCs
micropatterns (r = 0.00299) (Fig. 6.6). The cell shape-dependent diﬀerences in
plasma membrane recruitment of Akt as an indication of Akt activity is in line with
the data on Akt T308 phosphorylation and total Akt expression level as persented
in the previous secton and follows the same trend as the lipid rafts abundance,
indicating a higher activity of Akt that correlates with higher cell contractility and
lipid rafts abundance described in the previous chapters.
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Figure 6.6: Quantiﬁcation of TIRF analysis of Akt on the substrate facing plasma membrane
of hMSCs micropatterns. hMSC were seeded on glass ﬁbronectin micropatterns
with 1350 µm2 surface area and incubated for 24 hours before being ﬁxed and im-
munolabelled for pan Akt and subsequently analysed by TIRF microscopy. Results
represent quantiﬁcation of background substracted signal intensity average of the
total cell spreading area of 60 hMSCs per shape from 3 independent experiments.
Box plot shows complete data range, bottom and top of box represents 25% 75%,
*** equals ρ < 0.001, ** equals ρ < 0.01.
6.2.3 Involvement of Akt Activation in Cell
shape-dependent Diﬀerentiation
As it was reported in the previous chapters, cell geometry guides hMSCs diﬀerenti-
ation into diﬀerent lineages mediated by cell contractility and lipid rafts formation.
As cell geometry-dependent Akt activation seems also dependent on lipid rafts and
contractility and was reported to be invovled in cell diﬀerentiation, it was hypoth-
esized that Akt might be a key signalling molecule that translates changes in cell
geometry and architecture into downstream behaviours such as lineage commit-
ment. Therefore, it was investigated whether Akt as well as its up-and downstream
signalling molecules had a functional eﬀect in regulating cytoskeleton contractility
and lipid rafts dependent mesenchymal stem cell diﬀerentiation. hMSCs diﬀeren-
tiation was studied in diﬀerentiation medium containing a 1:1 mix of adipogenic
and osteogenic cues as described in Chapter 3. Micropatterned hMSCs were cul-
tured for 7 days in presence of various chemical inhibitors and shape-dependent
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diﬀerentiation was subsequently analysed by using a colorimetric assay based on
a combination of Oil red stain, a marker of adipogenesis [383], and alkaline phos-
phatase stain [387], a common marker for osteogenesis. Light microscopy images
of hMSC micropatterns stained positive for lipid vesicles (Oil red) or alkaline phos-
phatase were quantiﬁedbased on a deconvolution algorithm as according to [166].
The results of cell micropatterns in triangular, square or ciruclar shape treated
with a chemical inhibitor are presented as a relative change to the non-treated cell
micropatterns (Fig. 6.7).
Direct inhibition of Akt by the highly speciﬁc allosteric inhibitor MK2206 resulted
into a drastic increase in adipogenesis in triangular and square cell geometries
that were previously reported to show higher Akt activation. On the other side,
MK2206 treatment in cells in circular geometry did not result in a signiﬁcant ef-
fect. As presented in Chapter 3, circular shaped cells show increased adipogenic
lineage commitment. Therefore, Akt inhibition resulted in no signiﬁcant eﬀect of
cell geometry on lineage commitment indicating a possible role of Akt in medi-
ating cell shape-dependent diﬀerentiation by promoting osteogenesis (Fig. 6.7).
Interestingly, treatment with PI3K inhibitors Wortmannin or LY294002 as well
as mTORC inhibition by rapamycin resulted into almost no diﬀerences in adi-
pogenic diﬀerentiation in triangular cells but a clear decrease in adipogenesis in
lower contractility cell geometries (Fig. 6.7). According to the previous section,
these inhibitors showed a similar inhibition of Akt T308 phosphorylation as the
direct Akt inhibitor MK2206 but have a diﬀerent eﬀect on hMSCs linage com-
mittment. This eﬀect could be caused by the high level of unspeciﬁcity of these
chemical inhibitors and will be discussed later in this section.The inhibition of
cell contractility by Y27632 and disruption of the cytoskeleton by CytoD resulted
both in increased adipogenesis in triangular and square cell geometries that were
previously reported to induce higher cell contractility (Fig. 6.7). This observation
suggests that the cell cytoskeletal arrangement and cell contractility are mediat-
ing cell shape-dependent lineage commitment which has already been reported by
previous publications [166, 217]. The eﬀect of lipid raft inhibition by Filipin III
and MbCD led to a similar results, again several fold higher increase in adipoge-
nesis was found in triangular cell geometries with higher contractility compared
to round cells (Fig. 6.7). This result is in line with the previously studied cell
geometry-dependent Akt activity, which is higher in triangular cells and mediated
by cell contractility and lipid rafts and correlates with the eﬀect on cell diﬀerentia-
tion observed with the direct Akt inhibitor MK2206. Therefore, these observations
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indicate an eﬀect of PI3K and mTORC inhibition on stem cell lineage commitment
distinct and most likely independent of the identiﬁed cell contractility-lipid raft-
Akt signalling mechanism. Notably, increased PI3K activity by means of PI3K
overexpression did not result in signiﬁcant changes to cell shape-dependent diﬀer-
entiation (Fig. 6.7), further indicating that PI3K inhibition might has an eﬀect on
cell diﬀerentiation but PI3K signalling itself is most likely not involved in cell shape
induced Akt mediated cell diﬀerentiation. The apparent discrepancy between dif-
ferentiation data obtained in the presence of PI3K inhibitors and rapamycin versus
MK2206 could be explained by the fact that both PI3K and mTOR are central
cell signalling molecules, which are involved in various pathways or could also be
caused by potential oﬀ-target eﬀects. Either way, given that chemical inhibitors are
known to be very unspeciﬁc knock-down experiments with siRNA including si-Akt
and siPI3K would be required to draw conclusion regarding a potential mechanism.
Furthermore, the eﬀect of c-Src inhibition by Dasatinib on cell geometry-dependent
mesenchymal lineage commitment was investigated. According to our previous ob-
servations based on the Akt T308 phosphorylation level, c-Src might be invovlved
in cell geometry induced Akt T308 phosphorylation level, it was therefore hypoth-
esized, that c-Src inhibition should have an eﬀect on cell diﬀerentiation similar
to contractility, lipid rafts or direct Akt inhibition. Indeed hMSCs micropatterns
treated with Dasatinib for 7 days in mixed diﬀerentiation medium resulted in no
signiﬁcant cell geometry-dependent lineage. An increased adipogenic commitment
in higher contractility geometries was observed similar to contractility, lipid rafts
and direct Akt inhibition. This observation opens up the exciting possibility of an
involvement of c-Src in mesenchymal stem cell commitment. However, the results
between eﬀect of Dasatinib on Akt T308 phosphorylation level from the previous
section suggest a clear change in circular cells which was not observed in the cell
diﬀerentiation experiment. This could indicate that c-Src might not be involved
in mediating cell shape dependent diﬀerentiation. However, results of the eﬀect of
Dasatinib on Akt T308 phosphorylation level are only preliminary and the data
might changes once more independent experiments are performed. Additionally,
given the large amount of unspeciﬁcity of Dasatinib further more detailed experi-
ments are required such as knock-down experiments with si-cSrc.
Furthermore, it is of note that the eﬀect of inhibitors on cell geometry-dependent
diﬀerentiation in micropatterned hMSCs was only assessed based on two markers
Oil red and alkaline phosphatase. In order to be able to draw conclusions regard-
ing the eﬀect of cell shape and various inhibitors on hMSC diﬀerentation further
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analysis such as RT-PCR of various adipogenic and osteogenic markers is required.
Given that chemical inhibitors are known to be very unspeciﬁc knock-down exper-
iments with siRNA including si-cSrc, si-Akt, siPI3K would be required to draw
conclusion regarding a potential mechanism.
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Figure 6.7: Relative eﬀect of contractility, lipid rafts as well as Akt signalling inhibition on cell
geometry-dependent diﬀerentiation. hMSC were seeded on ﬁbronectin micropat-
terns with 1350 µm2 surface area and incubated for 7 days in mixed adipogenic
and osteogenic diﬀerentiation medium (1:1 mix) in presence of various chemical
inhibitors before being ﬁxed and co-stained for lipid vaculoes (adipogenic marker)
and alkaline phosphatase (osteogenic marker). Subsequent analysis was based on a
colour deconvolution algorithm and binarization as described in Chapter 3. Values
are presented as relative changes to non-treated cells. Lipid rafts inhibitors (ﬁlipin
III and methyl-β-cyclodextrin), cell contractility inhibitors (Y27632 and cytocha-
lasin D), PI3K inhibitors (Wortmannin and LY294002), direct allosteric inhibitor
of Akt (MK2206) and mTOR inhibitor (rapamycin) were used. Values are means
± S.D of 3 independent experiments performed in duplicate. * equals ρ < 0.05 and
** equals ρ < 0.01 according to one-way ANOVA analysis followed by Turkey and
Bonferoni Post-Hoc tests.
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Figure 6.8: Quantiﬁcation of diﬀerentiation of micropatterned hMSCs stably transfected with
over expressing PI3K. Transfected hMSCs were seeded on polystyrene ﬁbronectin
micropatterns with 1350 µm2 surface area and incubated for 7 days in mixed adi-
pogenic and osteogenic diﬀerentiation medium (1:1 mix) before being ﬁxed and co-
stained for lipid vaculoes (adipogenic marker) and alkaline phosphatase (osteogenic
marker). Subsequent analysis was based on a colour deconvolution algorithm and
binarization as described in Chapter 3. hMSCs stabely transfected with GFP were
used as a control. Values are means ± S.D of 3 independent experiments performed
in duplicate. ** equals ρ < 0.01 according to one-way ANOVA analysis followed
by Turkey and Bonferoni Post-Hoc tests.
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Figure 6.9: Quantiﬁcation of diﬀerentiation of hMSCs incubated on ﬁbronectin micropatterns
with 1350 µm2 surface area in mixed adipogenic and osteogenic diﬀerentiation
medium (1:1 mix) for 7 days in presence ofDasatinib before being ﬁxed and co-
stained for lipid vaculoes (adipogenic marker) and alkaline phosphatase (osteogenic
marker). Subsequent analysis was based on a colour deconvolution algorithm and
binarization as described in Chapter 3. in the presence of a 1:1 mix of adipogenic
and osteogenic medium compared to untreated control. Values are means ± S.D of
3 independent experiments performed in duplicate. * equals ρ < 0.05 and ** equals
ρ < 0.01 according to one-way ANOVA analysis followed by Turkey and Bonferoni
Post-Hoc tests.
6.3 Conclusion
Based on the experiments presented in this Chapter, indications for a cell geometry-
dependent Akt activation based on the analysis of Akt phosphorylation level by
In-Cell Western and abundance of Akt on the plasma membrane by TIRF mi-
croscopy. Using chemical inhibitors it appears that the cell shape-dependent Akt
activation is dependent on lipid raft, contractility and cytoskeletal formation. In-
hibition of PI3K with chemical inhibitors resulted in similar results while overac-
tivated PI3K showed no eﬀect on cell shape-dependent Akt activation. Inhibition
of c-Src as a potential alternative upstream activation of Akt showed again similar
eﬀects as lipid raft, contractility and cytoskeletal inhibition opening the possibil-
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ity of cell geometry-dependent c-Src/PDK-1/Akt signalling axis that would need
to be investigated further. Again by using chemical inhibitors a possible role of
Akt in cell shape-dependent hMSC osteogenic or adipogenic lineage commitment
was observed. Inhibition of Akt directly, lipid rafts, contractility or cytoskeletal
arrangement resulted in an increased adipogenic lineage commitment in higher
contractility cells as observed by lipid vesicle and alkaline phosphatase staining
suggesting that these components are possibly part of a common mechanism di-
recting cell shape-dependent diﬀerentiation in hMSCs.
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7 Soluble Diﬀerentiation Factor
Independent Cell
Diﬀerentiation guided by Cell
Geometry and mediated by
b-Catenin
7.1 Introduction
The unique properties of mesenchymal stem cells hold a promising therapeutic
potential including the repair of various tissues with the help of engineered bio-
scaﬀolds. Tight control of stem cell commitment remains one of the main hurdles
for tissue regeneration therapies [162, 346, 360, 361]. Recently, the importance
of cell geometry and cytoskeletal changes became apparent as a critical regulator
of stem cell fate besides soluble diﬀerentiation factors [218, 116, 166, 323, 250,
217, 103, 60, 360, 361]. As engineered bio-scaﬀolds struggle with controlling the
exposure of speciﬁc soluble factors [256], it is important for the design of improved
scaﬀolds to understand how geometrical cues aﬀect cell signalling and stem cell
diﬀerentiation in concert with soluble ligands. Commonly, studies that investi-
gate the role of cytoskeletal dynamics in cell fate decisions expose cells to soluble
diﬀerentiation factors in a 1:1 mix of adipogenesis and osteogenesis mediators.
This environment possibly resembles more closely what happens in the in vivo
environment, and it is reasonable to think that changes in cell shape and con-
sequently contractile forces have an inﬂuence on distribution and conformation
of plasma membrane receptors, thus priming cells to respond to speciﬁc soluble
ligands. However, with this approach, cell signalling regulated by changes in cell
geometry independently of soluble diﬀerentiation ligands is not highlighted, and
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its role in regulating cell fate decisions remains elusive.
In this Chapter, the regulation of the protein expression level of two known tran-
scription factors involved in early hMSCs commitment, PPARg and RunX2, asso-
ciated with adipogenesis [279] and osteogenesis [326], respectively, by cytoskeletal
contractility in the presence and absence of soluble diﬀerentiation factors is in-
vestigated. According to ﬂuorescence intensity analysis it was observed that the
eﬀect of cell shape-dependent actomyosin contractility on diﬀerentiation has an-
tagonistic eﬀects depending on the medium composition. While cell contractility
promotes osteogenesis a mixed diﬀerentiation medium environment as it was re-
ported previously, an increasing adipogenic fate with increasing contractility was
observed in absence of soluble diﬀerentiation factors.
Furthermore, a possible role of the signalling molecule b-catenin in mediating cell
shape-dependent diﬀerentiation in diﬀerent soluble factor medium environment
was investigated. Several studies reported a role of the Wnt/b-catenin pathway
in mechanical signal transduction in bone biology. For example, in vitro studies
applying acute mechanical strains on osteoblasts revealed a mechanosensory role
of b-catenin signalling [45, 275, 236], and similar results were obtained using mes-
enchymal stem cells [304, 303]. Moreover, knockout mice for Lrp5, co-receptor
of the Wnt receptor Frizzled, display poor mechanical response of bone to load-
ing [294]. Nevertheless, none of these studies have addressed a possible role of
b-catenin in mediating stem cell fate decisions triggered by changes in cell archi-
tecture. The results presented here indicate a cell geometry-dependent activation
of b-catenin signalling, which is possibly mediated by actomyosin contractility and
could have a role in directing hMSCs lineage commitment depending on soluble
factor environment.
7.2 Results and Discussion
7.2.1 Cell geometry guided Diﬀerentiation depending on
Soluble Factor Environment
As it was decribed in Chapter 3, hMSCs incubated on ﬁbronectin micropatterns in
diﬀerent shapes change in mixed osteogenic and adipogenic diﬀerentiation medium
for 7 days change the hMSCs lineage commitment as assessed by diﬀerences in
lipid vesicle formation or alkaline phosphatate intensity. In order to investigate
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this further, it was aimed to investigate the eﬀect of cell shape on cell diﬀerentia-
tion in mixed diﬀerentiation medium by analysing the relative expression of early
osteogenic and adipogenic commitment markers, transcription factors RunX2 and
PPARg, respectively, by ICW. According to the experiment described in Chap-
ter 3, hMSCs were incubated on ﬁbronectin micropatterns in triangular, square
and circular shape in mixed adipogenic and osteogenic diﬀerentiation medium for 7
days before being ﬁxed and stained for RunX2 and PPARg. The results show a sig-
niﬁcantly increased ratio of PPARg over RunX2 in circular hMSCs micropatterns
compared to round cells indicating a increased adipogenic lineage commitment
(Fig. 7.1). This observation is in line with the results presented in Chapter 3
showing an increased lipid vesicle formation and decreased alkaline phosphatate
intensity in round cells. However, the diﬀerences in the ratio of PPARg over
RunX2 between cirular compared to triangular and square shaped cells is rather
small (approximately 30% and 25% decrease in triangular and square shapes re-
spectively compared to round cells) which does not correlate with the several fold
diﬀerences in lipid vesicle and alkaline phosphatate as observed in Chapter 3. A
possible explanation for this could be the diﬀerent analysis for lipid vesicle and
alkaline phosphatate markers which was based on binarisation of the data. As
both PPARg and RunX2 transcription factors are considered early stage diﬀeren-
tiation marker changes in experession level might happen at an earlier time point
which would need to be further investigated. Furthermore, ICW analysis gives
an average of the whole cell array and does not select for single cells in contrast
to the microscopy based lipid vesicle and alkaline phosphatate intensity analysis
in Chapter 3. It would also be required to perform a Western blot analysis of
hMSCs cell lysates in order to validate the speciﬁcity of the PPARg and RunX2
antibodies as well as analyse each transcription factor seperately by normalising
over GAPDH or DNA.
To further explore the link between cytoskeleton contractility and PPARg and
RunX2 expression, micropatterned hMSCs were treaed with the Rho-associated
kinase (ROCK) inhibitor Y27632 which leads to reduced myosin IIa light chain
phosphorylation, and cytochalasin D (cytoD), an inhibitor of actin polymerization
[287]. Both inhibitors have previously been reported to abolish shape-dependent
diﬀerentiation based on stains for alkaline phosphatase activity and lipid droplets
accumulation according to previously published results [166] as well as the re-
sults presented in Chapter 6. Compared to control cells, cells treated with either
Y27632 or CytoD over a period of 7 days showed a signiﬁcant increase in PPARg
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over RunX2 ratio in triangular and square shaped hMSCs resutling in no shape-
dependent diﬀerences in PPARg/RunX2 ratios as measured by ICW (Fig. 7.1).
These results indicate that disruption of the actin cytoskeleton or inhibition of
contractility result in a increased adipogenic fate in higher contractility inducing
cell geometries which is in line with previous observations based on lipid vesicle
and alkaline phosphatase analysis.
Furthermore, in Chapter 6 it was reported that cholesterol depletion by cyclodex-
trin treatment of hMSCs micropatterns in mixed adipogenic and osteogenic dif-
ferentiation medium resulted in a similar eﬀect on cell lineage commitment as cell
contractility inhibition or actin cytoskeleton discruption according to lipid vesicle
and alkaline phosphatase analysis. To explore the eﬀect of cholesterol depletion
on PPARg and RunX2 expression, the PPARg/RunX2 ratios of micropatterned
hMSCs in mixed adipogenic and osteogenic diﬀerentiation medium in presence of
cholesterol was measured by ICW after 7 days incubation (Fig. 7.1). As previ-
ously observed with the cell contractility inhibitor and actin disruption, cholesterol
depletion resulted in a signiﬁcant increase in PPARg over RunX2 ratio in trian-
gular and square shaped hMSCs resutling in no shape-dependent diﬀerences in
PPARg/RunX2 ratios.
The observed distinct eﬀect of cytoD compared to Y27632 treatment in the pres-
ence of diﬀerentiation factors could potentially be explained by their opposite
eﬀect on cell cycle progression. While CytoD treatment is known to induce cell
cycle arrest in G1 phase [10, 30, 142, 149, 144, 287, 64, 300], inhibition of ROCK
was reported to promote progression through G1 phase [206]. Taken together,
these results demonstrate that cell contractility has a key role in directing hMSC
diﬀerentiation both in the presence and absence of soluble diﬀerentiation factors.
.
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Figure 7.1: Quantiﬁed ICW of hMSCs incubated on triangular, square or circular shaped
ﬁbronectin micropatterns with 1350 µm2 surface area in mixed adipogenic and os-
teogenic diﬀerentation medium for 7 days in presence of various chemical inhibitors.
Samples were ﬁxed and subsequently co-stained for PPARγ and RunX2. Results
are displayed as ratio of PPARγ versus RunX2 relative to circular cells indicating
preferred adipogenic over osteogenic lineage commitment. Values are means ± S.D
of 3 independent experiments performed in duplicate. * equals ρ < 0.01, ** equals
ρ < 0.01 according to one-way ANOVA analysis followed by Turkey and Bonferoni
Post-Hoc tests.
In order to explore the eﬀect of cell geometry on these transcription factors in the
absence of soluble diﬀerentiation factors, expression of PPARg and RunX2 was
measured via ICW in micropatterned hMSCs cultured in growth medium and co-
stained for PPARg and RunX2 after 7 days. Surprisingly, under these conditions,
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signiﬁcantly increased ratio of PPARg over RunX2 in triangular and squared cells
compared to round cells was observed suggesting that higher cell contractility ge-
ometries promote increased adipogenesis under soluble diﬀerentiation factor free
conditions (Fig. 7.2). This indicates that geometrical cues alone may inﬂuence cell
fate decisions and actomyosin contraction might has an antagonistic eﬀect on os-
teogenic versus adipogenic diﬀerentiation depending on the soluble diﬀerentiation
factor environment. In order to investigate this further it would also be required
to perform a Western blot analysis of hMSCs cell lysates in order to validate the
speciﬁcity of the PPARg and RunX2 antibodies as well as analyse each transcrip-
tion factor seperately by normalising over GAPDH or DNA. Furthermore, hMSC
micropatterns were treated with various chemical inhibitors as according to the
previous section. Compared to control cells, cells treated with either Y27632,
CytoD or cyclodextrin over a period of 7 days showed a signiﬁcant decrease in
PPARg over RunX2 ratio in triangular and square shaped hMSCs resutling in no
shape-dependent diﬀerences in PPARg/RunX2 ratios as measured by ICW (Fig.
7.2). These results indicate that disruption of the actin cytoskeleton, inhibition of
contractility or cholesterol depletion result in a decreased adipogenic fate in higher
contractility inducing cell geometries which is in contrast to the observations of
hMSCs incubated diﬀerentiation medium as presented in the previous section were
disruption of the actin cytoskeleton, inhibition of contractility or cholesterol de-
pletion resulted in increased adipogenesis.
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Figure 7.2: Quantiﬁed ICW of hMSCs incubated on triangular, square or circular shaped ﬁ-
bronectin micropatterns with 1350 µm2 surface area in growth medium for 7 days
in presence of various chemical inhibitors. Samples were ﬁxed and subsequently
co-stained for PPARγ and RunX2. Results are displayed as ratio of PPARγ ver-
sus RunX2 relative to circular cells indicating preferred adipogenic over osteogenic
lineage commitment. Values are means ± S.D of 3 independent experiments per-
formed in duplicate. * equals ρ < 0.05 according to one-way ANOVA analysis
followed by Turkey and Bonferoni Post-Hoc tests.
In order to investigate if the observed cell geometry-dependent eﬀect on PPARg/RunX2
is not dependent on the cell growth medium used, the same experiment in DMEM
medium supplemented with fetal bovine serum was conduced. This resulted in sim-
ilar trends of cell geometry-dependent PPARg and RunX2 expression, suggesting
that the shape-dependent eﬀect seen is reproducible across diﬀerent proliferation
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media formulations (Fig. 7.3).
Figure 7.3: Quantiﬁed ICW of hMSCs incubated on triangular, square or circular shaped ﬁ-
bronectin micropatterns with 1350 µm2 surface area in DMEM medium with 10%
FBS for 7 days and subsequently co-stained for PPARγ and RunX2. Results are
displayed as ratio of PPARγ versus RunX2 relative to circular cells indicating pre-
ferred adipogenic over osteogenic lineage commitment. Values are means ± S.D of
one experiment performed in duplicate.
Kilian et al. reported that by conﬁning individual MSCs into geometric features
with diﬀerent aspect ratio and sub-cellular curvature, lineage commitment into os-
teoblasts or adipocytes could be modulated when cells were exposed to a mixture of
soluble diﬀerentiation cues while in the absence of these factors, more than 95% of
micropatterned MSCs did not show any lineage speciﬁc staining [166]. Therefore,
the eﬀect of geometric cues alone on MSCs diﬀerentiation was not possible to be
analysed under those conditions. In a more recent study, it was hypothesized that
a possible reason for the absence of diﬀerentiation markers in patterned cells in the
absence of extrinsic cues could have been the limited incubation time, which was 7
days due to technical reasons. By using a diﬀerent micropattern system, individual
MSCs were conﬁned into rectangular shapes with diﬀerent aspect ratios for up to
19 days in the presence or absence of diﬀerentiation cues. Rectangular cells with
identical surface area but higher aspect ratios, therefore higher cytoskeletal con-
tractility, favored having osteogenic over adipogenic lineage commitment in both
diﬀerentiation and growth medium. However, only small diﬀerences between dif-
ferent shapes were observed in both conditions [380]. In order to investigate that,
cell geometry-dependent hMSCs lineage commitment in absence of diﬀerentiation
factors over a prolonged incubation period was studied. Interestingly, even after 21
days incubation no signiﬁcant cell shape-dependent diﬀerences in PPARg/RunX2
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ratios compared to the 7 days time point were observed (Fig. 7.4). Given that
MSC lineage commitment was reported to occur within a few days [326], it was
hypothesized that rather than a short incubation time, the reason why no cell
shape-dependent lineage commitment was observed in the absence of soluble dif-
ferentiation cues might have been due to the insuﬃcient diﬀerence in cytoskeletal
contractility between the geometries used. However, the diﬀerences between the
results presented here and the previous publications [380] could also be explained
by the diﬀerent diﬀerentiation analysis of PPARg and RunX2 used in the previous
publication which was based on RT-PCR. Additionally, instead of hMSCs, mouse
derived MSCs were used for the studies
Figure 7.4: Quantiﬁed ICW of hMSCs incubated on triangular, square or circular shaped ﬁ-
bronectin micropatterns with 1350 µm2 surface area ingrowth medium for 21 days
and subsequently co-stained for PPARγ and RunX2. Results are displayed as ratio
of PPARγ versus RunX2 relative to circular cells indicating preferred adipogenic
over osteogenic lineage commitment. Values are means ± S.D of 1 independent
experiment performed in duplicate.
Given the fact that PPARg and RunX2 are transcription factors, it was impor-
tant to measure their nuclear localization as changes in protein expression might
not be indicative of changes in their activity. Therefore, micropatterned hMSCs
incubated in either growth or diﬀerentiation medium for 7 days and subsequently
stained for PPARg and RunX2 were analysed by immunoﬂuorescence microscopy.
A clear shape-dependent diﬀerences in overall intensity and subcelluar localisation
of PPARg and RunX2 was found which is in line with the ICW obtained result.
Furthermore, clearly higher overall signal intensity in both PPARg and RunX2 was
observed in absence of soluble factors in growth medium (Fig 7.5) compared to dif-
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ferentiation medium (Fig. 7.6). Image quantiﬁcation of the total signal intensity
PPARg and RunX2 of > 50 micropattered single hMSCs revealed expression levels
across shapes comparable to the ones measured by ICW shown previously (Fig.
7.7). In absence of soluble diﬀerentiation cues, a signiﬁcantly higher ratio of inten-
sities of PPARg/RunX2 was observed in cell shapes with higher contractility while
the presence of these factors resulted into opposite results. Interestingly, similar
to the ICW results, the PPARg/RunX2 ratio is clearly higher in absence of solu-
ble diﬀerentiation factors in all three shapes analysed. By generating ﬂuorescence
intensity heatmaps of > 30 micropatterned single hMSCs stained for PPARg and
RunX2 and imaged by immunoﬂuorescence microscopy similar results further sup-
porting the previous ﬁndings (Fig. 7.9). Importantly, when the amount of each
protein in the nucleus over the cytoplasm was quantiﬁed, the results indicated
that more PPARg was in the nuclei of triangular cells compared to the nuclei
of round cells, which was inversely to RunX2 localization in these shapes and in
the absence of diﬀerentiation factors (Fig. 7.8). In the presence of diﬀerentiation
ligands, RunX2 was more nuclear than PPARg in triangular cells (Fig. 7.8). In
square cells there was no prevalence of one transcription factor over the other in
the nuclei, which can possibly be explained by an intermediate cytoskeleton con-
tractility state in this geometry. However, as shown in the immunoﬂuorescence
images in Fig 7.5 and Fig. 7.6 both PPARg and RunX2 antibodies show a high
level of background signal and a high signal intensity in the cytosol. This could be
the result of a low speciﬁcity of the antibodies or an indication that PPARg and
RunX2 are not inducing transcriptional activation of target genes.
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Figure 7.5: Representative brightﬁeld and immunoﬂuorescence images of micropatterned single
hMSCs incubated in growth medium stained for DAPI (blue), PPARγ (green) and
RunX2 F-actin (red) after 7 days incubation. Bar = 20µm.
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Figure 7.6: Representative brightﬁeld and immunoﬂuorescence images of micropatterned sin-
gle hMSCs incubated in diﬀerentiation medium stained for DAPI (blue), PPARγ
(green) and RunX2 F-actin (red) after 7 days incubation. Bar = 20µm.
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Figure 7.7: Immunoﬂuorescence intensity quantiﬁcation of hMSCs incubated on triangular,
square or circular shaped ﬁbronectin micropatterns with 1350 µm2 surface area in
either mixed adiopogenic and osteogenic diﬀerentiation medium or growth medium.
After 7 days cells were ﬁxed and subsequently co-stained for PPARγ and RunX2.
Total PPARγ versus RunX2 ﬂuorescence signal intensity was measured as an in-
dication of adipogenic lineage commitment. Results display quantiﬁcation of > 50
micropattered single hMSCs.Values are means ± S.D of 2 independent experiments
performed in duplicate. ** equals ρ < 0.01 according to one-way ANOVA analysis
followed by Turkey and Bonferoni Post-Hoc tests.
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Figure 7.8: Immunoﬂuorescence intensity quantiﬁcation of hMSCs incubated on triangular,
square or circular shaped ﬁbronectin micropatterns with 1350 µm2 surface area in
either mixed adiopogenic and osteogenic diﬀerentiation medium or growth medium.
After 7 days cells were ﬁxed and subsequently co-stained for PPARγ and RunX2.
Nuclear versus cytosolic PPARγ and RunX2 was measured as an indication of
nuclear translocation and activity as transcription factors of > 50 micropattered
single hMSCs incubated in either growth or diﬀerentiation conditions for 7 days
and subsequently stained for PPARγ and RunX2. Values are means ± S.D of 2
independent experiments performed in duplicate. * equals ρ < 0.05, ** equals ρ <
0.01 and *** equals ρ < 0.001 according to one-way ANOVA analysis followed by
Turkey and Bonferoni Post-Hoc tests.
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Figure 7.9: Immunoﬂuorescence intensity heat maps of > 30 single hMSCs (n = 30) incu-
bated on triangular, square or circular shaped ﬁbronectin micropatterns with 1350
µm2 in either mixed adipogenic and osteogenic diﬀerentiation medium or growth
medium for 7 days. Cells were ﬁxed and subsequently stained for PPARγ and
RunX2. Higher PPARγ and RunX2 signal intensity is represented by brighter
colours. Heatmap was based on raw images.
As PPARg and RunX2 are both markers for early stage lineage commitment of
hMSCs, alkaline phosphatase activity as an indicator of late osteogenic diﬀeren-
tiation in the presence or absence of soluble diﬀerentiation factors was measured
in addition to the previous experiments. Alkaline phosphatase expression levels
were quantiﬁed based on a colorimetric histochemical staining of micropatterned
hMSCs incubated for 7 days in either growth or diﬀerentiation medium followed
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by deconvolution of RGB images and signal intensity quantiﬁcation. Remarkably,
osteogenic diﬀerentiation on the three cell shapes showed the same trend as per
the PPARg/RunX2 ratio. In presence of soluble cues, almost 50 % higher alkaline
phosphatase expression levels were found in triangular cells compared to lower con-
tractility cell shapes whereas absence of these cues resulted into opposite results.
Therse results further underline a soluble diﬀerentiation factor dependent eﬀect of
cell geometry on hMSCs diﬀerentiation (Fig. 7.10).
Figure 7.10: Eﬀect of cell geometry on osteogenic hMSC diﬀerentiation in presence or absence
of soluble cues based on alkaline phosphatase marker. Quantiﬁcation of the sig-
nal intensity of > 50 single hMSCs (n = 30) on triangular, square or circular
shaped ﬁbronectin micropatterns with 1350 µm2 in either mixed adipogenic and
osteogenic diﬀerentiation medium or growth medium for 7 days. Cells were ﬁxed
subsequently stained for alkaline phosphatase. Values are means ± S.D of 2 inde-
pendent experiments performed in duplicate. *** equals ρ < 0.001 according to
one-way ANOVA analysis followed by Turkey and Bonferoni Post-Hoc tests.
7.2.2 Cell geometry-dependent b-catenin Activation
Several in vitro and vivo studies reported indicated that the b-catenin pathway
in involved in mechanical signal transduction [45, 275, 236, 304, 303, 294]. These
mechanobiological studies of b-catenin signalling were all based on acute stresses
such as cyclic mechanical strains. Therefore, it was hypothesized that b-catenin
activation might also be aﬀected by a chronic stress generated by speciﬁc cy-
toskeletal arrangements and actomyosin tension. Consequently, cell geometry in-
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duced changes in cell architecture and cell contractility should have an eﬀect on
b-catenin signalling. Therefore, b-catenin activation levels in micropatterned hM-
SCs in triangular, square and circular geometries that were previously shown to
induce extreme variations in cell contractility and cytoskeleton arrangement were
analysed.
Because b-catenin is a co-transcription factor that translocates into the nucleus
in its active state, the nuclear versus cytosolic immunoﬂuorescene signal inten-
sity of hMSCs micropatterns in diﬀerent shapes was analysed by confocal mi-
crscopy.hMSCs were incubated on triangular, square or circular shaped ﬁbronectin
micropatterns with 1350 µm2 surface area in growth medium. After 24 hours cells
were ﬁxed and subsequently stained for b-catenin and DAPI. The results indicate
a shape-dependent eﬀect of subcelluar localisation of b-catenin with clearly higher
nuclear versus cytosolic signal intensity in round cells compared to square and
triangular geometries (Fig. 7.11). Given that b-catenin is a co-transcription factor
that translocates into the nucleus in its active state, increased nuclear accumula-
tion of b-catenin in circular cell shapes suggest a possible cell geometry-dependent
b-catenin activity. In order to analyze cell geometry-dependent nuclear transloc-
tion of b-catenin as an indication of b-catenin activation quantitatively, the nuclear
versus cytosolic b-catenin signal intensity of micropatterned hMSCs confocal stacks
was quantiﬁed as illustrated in Fig. . The quantitative analysis is presented in a
box plot. Despite a rather large sample variation, the results shows a signiﬁcantly
increased nuclear versus cytosolic mean signal intensity in circular cells compared
to triangular or squared cell micropatterns correlating inversely with the previ-
ously observed cell geometry induced actomyosin contraction (Fig. 7.13). It is of
note, that the average cell nucleus area as analysed by confocal stack of hMSCs
micropatterns stained for DAPI was found to be not signiﬁcantly diﬀerent between
diﬀerent cell geometries. Additionally, no correlation between cell nucleus size and
nuclear versus cytosolic b-catenin signal intensity was observed. This suggests that
the observed cell geometry-dependent eﬀect of nuclear b-catenin translocation is
not dependent on nuclear size (Fig. 7.13).
As reported in the Chapter 3, cell micropattern size was found to aﬀect cell lineage
commitment which is in line with a previously published results [217]. In order
to investigate if nuclear b-catenin translocation is aﬀected by cell micropattern
size, the nuclear versus cytosolic b-catenin signal intensity of micropatterned hM-
SCs in diﬀerent cell shapes and diﬀerent cell cell micropattern sizes (3500 µm2,
1350 µm2 and 950 µm) was analysed by immunoﬂuorescence microscopy (Fig.
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7.14). All three diﬀerent cell micropattern sizes resulted in asigniﬁcantly increased
nuclear versus cytosolic mean signal intensity in circular cells compared to trian-
gular or squared cell micropatterns. Larger cell micropatterns (3500 µm2 surface
area) showed a lower nuclear b-catenin accumulation compared to smaller cell mi-
cropatterns (950 µm2). However, cell micropattern with intermediate adhesion
area (1350 µm2) show no diﬀerences to larger cell micropatterns despite the clear
diﬀerence in cell adhesion area which does not support a potential correlation be-
tween increased nuclear versus cytosolic b-catenin signal intensity with decreasing
cell spreading. Illustrated by the frequency counts graphs of all cells analysed for
every data point, the diﬀerence in b-catenin activation seems to appear not only
in a cell sub-population (Fig. 7.15). The diﬀerences between the results in nuclear
versus cytosolic b-catenin signal intensity obtained in Fig. 7.13 compared to Fig.
7.14 is most likely caused by the diﬀerent microscopy techniques as well as the
diﬀerent analysis used.
Interestingly, when using collagen I protein micropatterns instead of ﬁbronectin,
hMSCs show increased nuclear b-catenin accumulation compared to ﬁbronectin
(Fig. 7.16). Collagen I coated micropatterns result in a similar cell geometry-
dependent b-catenin translocation into the nucleus compared to ﬁbronectin coated
cell micropatterns in larger and medium sized cell micropatterns (3500 µm2, 1350
µm2). However, in contrast to ﬁbronectin micropatterns smaller (950 µm2) collagen
micropatterns show no shape-dependent eﬀect on nuclear b-catenin accumulation.
A possible explanation for this observation could be that the eﬀect of collagen
versus ﬁbronectin micropatterns is dependent on a minimum cell adhesion area
or amount of integrin binding. Again, also the b-catenin activation for collagen I
micropatterned cells was not found to be caused by only a sub-population of the
cells according to (Fig. 7.17). Interestingly, non-patterned cells adhered to either
ﬁbronectin or collagen I show no signiﬁcant diﬀerences in b-catenin translocation
as analysed again by ﬂuorescence microscopy (Fig. 7.18).
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Figure 7.11: Representative confocal microscopy images of hMSCs incubated on triangular,
square or circular shaped ﬁbronectin micropatterns with 1350 µm2 surface area
in growth medium. Cells were ﬁxed after 24 hours and subsequently co-stained
for DAPI and β-catenin. Images are projections of whole cell z-stacks. Scale bar
= 20μm
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Figure 7.12: Quantiﬁcation of nuclear versus cytosolic β-catenin signal intensity of hMSCs
incubated on triangular, square or circular shaped ﬁbronectin micropatterns with
1350 µm2 surface area in growth medium for 24 hours subsequently stained for
DAPI and β-catenin. On the left, illustration of image quantiﬁcation based on
z-projected confocal stacks. On the right, box plot showing 50 cells from three
independent experiments per condition (n = 50). * equals ρ < 0.05 and ** equals
ρ < 0.01 according to one-way ANOVA analysis followed by Turkey and Bonferoni
Post-Hoc tests.
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Figure 7.13: Additional data of nuclear versus cytosolic β-catenin signal intensity analysis
based on confocal microscopy. (a) representative images of nuclear versus cytosolic
β-catenin signal intensity that were quantiﬁed in Fig. 7.12for illustration purposes
(b) Quantiﬁcation of nuclear size of hMSCs incubated on triangular, square or
circular shaped ﬁbronectin micropatterns with 1350 µm2 surface area in growth
medium for 24 hours and subsquently stained for DAPI. Quantiﬁcation was based
on area of DAPI signal measured in z-projections of image stacks obtained by
confocal microscopy. (c) nuclear area was plotted against nuclear versus cytosolic
β-catenin signal intensity in order to analyse a potential correlation.
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Figure 7.14: Immunoﬂuorescence microscopy based quantiﬁcation of hMSCs on ﬁbronectin mi-
cropatterns with 3500 µm2, 1350 µm2 and 950 µm2 microisland sizes and trian-
gular, square or circular shapes stained for β-catenin and DAPI after 24 hours
incubation. Results display quantiﬁcation of nuclear versus β-catenin intensity of
> 50 hMSC micropatterns (n = 50) incubated in growth medium for 24 hours as
an indication of nuclear translocation and activity as transcription factors. VVal-
ues are means ± S.D of 3 independent experiments performed in duplicate. **
equals ρ < 0.01 according to one-way ANOVA analysis followed by Turkey and
Bonferoni Post-Hoc tests.
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Figure 7.15: Nuclear versus cytosolic immunoﬂuorescence intensity histograms of results shown
in Fig. 7.14.
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Figure 7.16: Immunoﬂuorescence intensity quantiﬁcation of hMSCs on collagen I micropatterns
with 3500 µm2, 1350 µm2 and 950 µm2 microisland sizes and triangular, square
or circular shapes stained for β-catenin after 24 hours incubation. Results display
quantiﬁcation of nuclear versus β-catenin intensity of > 50 hMSC micropatterns
(n = 50) incubated in growth medium for 24 hours as an indication of nuclear
translocation and activity as transcription factors. Values are means ± S.D of 3
independent experiments performed in duplicate. ** equals ρ < 0.01 according to
one-way ANOVA analysis followed by Turkey and Bonferoni Post-Hoc tests.
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Figure 7.17: Nuclear versus cytosolic immunoﬂuorescence intensity histograms of results shown
in Fig.7.16.
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Figure 7.18: Eﬀect of the diﬀerent matrix proteins collagen I (Col I) vs. ﬁbronectin (FN) on
nuclear over cytosolic β-catenin in non-micropatterned hMSCs assessed by Im-
munoﬂuorescence intensity quantiﬁcation. (a) Average of the ratio of β-catenin
intensity in the nucleus vs. cytoplasm of hMSCs on ﬁbronectin or collagen I
coated polystyrene after 24 hours incubation in growth medium as an indication
of β-catenin activation. Values are means ± S.D of 3 independent experiments
performed in duplicate. ** equals ρ < 0.01 according to one-way ANOVA analy-
sis followed by Turkey and Bonferoni Post-Hoc tests. (b) Distribution of all cells
quantiﬁed for each data point (frequency count). Values are means ± S.D. All ex-
periments show representative results of three independent experiments performed
in duplicate.
In order to further investigate the eﬀect of cell geometry on subcellular b-catenin
distribution, ﬂuorescence intensity heatmaps of micropatterned hMSCs stained for
b-catenin incubated in growth medium were generated (Fig. 7.19). Heatmaps of b-
catenin intensity showed a distinct signal distribution only after 2 hours in culture
(Fig. 7.19). After 24 hours incubation, the intensity in the lower contractility shape
remained higher. As expected, b-catenin appeared to be localized away from the
cell surface after 24 hours due to lack of cell-cell contacts, but the signal was higher
in the center of round cells indicating possible shape diﬀerences in its translocation
to the nuclei (Fig. 7.19). Quantiﬁcation of nuclear versus cytosolic signal intensity
of micropatterned hMSCs after 2, 6 and 24 hours shows the that increased nuclear
accumulation of b-catenin in round cells compared to triangular and square shaped
cell micropatterns is only observed after 24 hours incubation. Therefore, initial
cell adhesion and spreading appears to have an immediate eﬀect on subcellular b-
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catenin distribution, however a signiﬁcant cell geometry-dependent eﬀect of nuclear
b-catenin accumulation is only observed after 24 hours incubation (Fig 7.20).
Figure 7.19: Immunoﬂuorescence intensity heat maps of > 30 single hMSCs (n = 30) incubated
on triangular, square or circular shaped ﬁbronectin micropatterns with 1350 µm2
in growth medium for 2 hours or 24 hours after cell adhesion. Cells were ﬁxed and
subsequently stained for β-catenin and DAPI. Higher β-catenin signal intensity is
represented by brighter colours. Images used for 2 hour time point were processed
in order to highlight subcellular diﬀerences. Raw images were used for the 24 hour
timepoint.
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Figure 7.20: Immunoﬂuorescence intensity quantiﬁcation of > 50 single hMSCs (n = 50) in-
cubated on triangular, square or circular shaped ﬁbronectin micropatterns with
1350 µm2 in growth medium for 2 hours, 6 hours or 24 hours. Cells were ﬁxed
and subsequently stained for β-catenin and DAPI. Results display quantiﬁcation
of nuclear versus β-catenin intensity as an indication of nuclear translocation and
activity as transcription factors. VValues are means ± S.D of 3 independent
experiments performed in duplicate. ** equals ρ < 0.01 according to one-way
ANOVA analysis followed by Turkey and Bonferoni Post-Hoc tests.
As b-catenin is a co-transcription factor, translocation from the cytosol to nucleus
indicates signal activation. In order to further test the cell shape-dependent b-
catenin signal activity, the b-catenin phosphorylation state by ICW was analysed.
When in its non-phosphorylated state b-catenin is activated and translocates to
the nucleus, whereas phosphorylation by GSKb in the cytosol triggers its degra-
dation. Therefore, the amount of active b-catenin in our cultures by ICW using
an antibody that recognizes the protein only when not phosphorylated on Ser37
or Thr41 residues (ABC, active b-catenin) was analysed (Fig. 7.21). As in the
previous immunoﬂuorescence microscopy analysis of nuclear b-catenin transloca-
tion, hMSCs were incubated on triangular, square or circular shaped ﬁbronectin
micropatterns with 1350 µm2 surface area in growth medium. After 24 hours cells
were ﬁxed and subsequently stained for b-catenin and ABC followed by ICW anal-
ysis. The results are presented as relative change to the ratio of ABC over pan
b-catenin in circular cells. Importantly, a signiﬁcant deincrease in ABC versus pan
b-catenin was found in triangular and square shaped cells compared to circular
geometries. This observation further supports the previous immunoﬂuorescence
based observations that indicate an increased activation of b-catenin signalling
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in lower contractility shapes. Additionally, measuring the total b-catenin expres-
sion level of micropatterned hMSCs by ICW analysis of pan-b-catenin over DNA
resulted into no signiﬁcant shape-dependent results (Fig. 7.22). A possible expla-
nation could be that cell geometry induced changes in b-catenin translocation and
phosphorylation level is not directly linked changes in its total expression level.
However, no clear changes in total b-catenin expression within diﬀerent cell ge-
ometries could also be caused by the actual read-out that resulted into a higher
errors caused by the less quantitative DNA normalization. Therefore, the eﬀect
of cell geometry on the total cellular b-catenin expression remains elusive. Addi-
tionally, as it was described in the previous section, ICW averages the whole cell
microarray and does not select for single cells which is diﬀerent to the immunoﬂu-
orescence microscopy based analysis shown in the previous section. Regardless
of this, both analysis techniques indicate a similar trend in cell shape depenent
b-catenin activation. In order to investigate this further it would also be required
to perform a Western blot analysis of hMSCs cell lysates in order to validate the
speciﬁcity of the ABC and pan b-catenin antibodies. In particular the speciﬁcity
of the ABC antibody for active b-catenin would require to be tested by cell lysates
where b-catenin signalling was induced (positive control) or known to be inactive
(negative control) in order to draw conclusions from these experiments. This could
for example be achieved by incubating hMSCs in absence or presence of diﬀerent
concentrations of solube Wnt factors such as Wnt3a which triggers b-catenin signal
activation.
Furthermore, hMSC micropatterns were treated with various chemical inhibitors
as according to the previous section (Fig. 7.22). Given the previously observed
trend in cell geometry generated cell contractility, which lowest in round cells and
highest in triangular ones, it was hypothesized, that cell architectures with higher
cytoskeletal tension inhibit b-catenin activation. To investigate this, b-catenin ac-
tivation state of micropatterned hMSCs in the presence of contractility inhibitor
Y27632 and the actin cytoskeletal disruptin agent CytoD was analysed. Compared
to control cells, cells treated with either Y27632 or CytoD for 24 hours showed
a signiﬁcant increase of ABC over pan b-catenin signal activation in square and
triangular cell geometries as measured by ICW resulting in no signiﬁcant diﬀer-
ences compared to circular cell geometries (Fig. 7.22). This indicates a possible
connection between the observed cell shape-dependent b-catenin activation and
cell contractility corroborating the idea that higher cytoskeleton contractility has
an inhibitory eﬀect on b-catenin. (Fig. ??). When the ratio of nuclear versus
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cytosolic b-catenin in cells treated with Y27632 was measured, similar results were
obtained (Fig. 7.23).
As described in the previous chapter, it was found that lipid rafts formation is de-
pendent on cell geometry and disruption of lipid rafts aﬀects cell geometry guided
diﬀerentiation and Akt signalling in hMSCs. It was therefore hypothesized, that
disruption of lipid rafts might also have an eﬀect on cell shape-dependent b-catenin
activation. In order to investigate that, the ratio of ABC over pan b-catenin by
ICW of micropatterned hMSCs incubated for 24 hours in presence of the lipid
rafts inhibitors MbCD or Filipin III was analysed as described previously (Fig.
7.22). Interestingly, a clear eﬀect of lipid raft inhibition on ABC over pan b-
catenin ratio in triangular and square cell geometries compared to round cells was
observed resulting in no cell geometry-dependent diﬀerences similar to CytoD and
Y27632 treatment. These results indicate a possible inhibitory eﬀect of lipid rafts
on b-catenin activation similar to cell contractility. Measuring the ratio of nuclear
b-catenin accumulation by immunoﬂuorescence microscopy of micropatterned hM-
SCs treated with MbCD showed no signiﬁcant diﬀerences between diﬀerent cell
shapes in line with the ICW analysis of the ratio of ABC over pan b-catenin.
However, a clearly lower overall nuclear translocation was observed (Fig. 7.24).
Arguably the best studied activation of b-catenin is through the canonical b-catenin
pathway triggered upon stimulation of soluble factors, called Wnts. Wnts act by
binding to the transmembrane receptor Frizzled (Fz), which in cooperation with
LRP5/6, results in signal transduction and eventually b-catenin activation through
deactivation of its inhibitor GSK3b [24, 58]. A possible reason for a cell geometry-
dependent b-catenin activation could therefore caused by a change paracrine or
autocrine secretion of Wnts. In order to investigate that, recombinant Dickkopf-
related protein 1 (Dkk-1) was used to block the interaction between the Wnt
receptor Frizzled and its co-receptor Lrp [8]. b-catenin activation in the presence
of DKK-1 as measured by ICW showed no signiﬁcant eﬀect on ABC over b-catenin
ratio compared to the non-treated control. Interestingly, Dkk-1 treatment resulted
in lower variability and more signiﬁcant diﬀerences in ABC over b-catenin ratio
between triangular and square compared to round cell geometries. A possible
explanation for that could be secreted Wnt ligands that are not required for cell
shape-dependent b-catenin activation but cause a higher sample variation (Fig.
7.22). The same results were obtained when nuclear b-catenin accumulation was
quantiﬁed by immunoﬂuorescence (Fig. 7.25). It is therefore concluded, that cell
geometry-dependent b-catenin activation appears to be regulated independently
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of soluble Wnt ligands.
Figure 7.21: Quantiﬁed ICW of hMSCs incubated on triangular, square or circular shaped
ﬁbronectin micropatterns with 1350 µm2 surface area in growth medium for 24
hours in presence of various chemical inhibitors. Samples were ﬁxed and sub-
sequently co-stained for active-β-catenin (ABC) and pan-β-catenin. Results are
displayed as ratio of active-β-catenin (ABC) over pan-β-catenin relative to circular
cells indicating preferred adipogenic over osteogenic lineage commitment. Values
are means ± S.D of 3 independent experiments performed in duplicate. * equals
ρ < 0.05 *** equals ρ < 0.001 according to one-way ANOVA analysis followed by
Turkey and Bonferoni Post-Hoc tests.
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Figure 7.22: Quantiﬁed ICW of hMSCs incubated on triangular, square or circular shaped
ﬁbronectin micropatterns with 1350 µm2 surface area in growth medium for 24
hours and subsquently co-stained for pan-β-catenin and DNA. Values are means
± S.D of one independent experiment.
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Figure 7.23: Immunoﬂuorescence microscopy based quantiﬁcation of hMSCs on triangular,
square or circular shaped ﬁbronectin micropatterns with 1350 µm2 microisland
sizes co-stained for β-catenin and DAPI after 24 hours incubation in presence or
absence of Y27632. Results display quantiﬁcation of nuclear versus β-catenin in-
tensity of > 50 hMSC micropatterns (n = 50) incubated in growth medium for
24 hours as an indication of nuclear translocation and activity as transcription
factors. Values are means ± S.D of 3 independent experiments performed in du-
plicate. ** equals ρ < 0.01 according to one-way ANOVA analysis followed by
Turkey and Bonferoni Post-Hoc tests.
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Figure 7.24: Immunoﬂuorescence microscopy based quantiﬁcation of hMSCs on triangular,
square or circular shaped ﬁbronectin micropatterns with 1350 µm2 microisland
sizes co-stained for β-catenin and DAPI after 24 hours incubation in presence or
absence of Cyclodextrin. Results display quantiﬁcation of nuclear versus β-catenin
intensity of > 50 hMSC micropatterns (n = 50) incubated in growth medium for
24 hours as an indication of nuclear translocation and activity as transcription
factors. Values are means ± S.D of 3 independent experiments performed in du-
plicate. ** equals ρ < 0.01 according to one-way ANOVA analysis followed by
Turkey and Bonferoni Post-Hoc tests.
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Figure 7.25: Immunoﬂuorescence microscopy based quantiﬁcation of hMSCs on triangular,
square or circular shaped ﬁbronectin micropatterns with 1350 µm2 surface area
co-stained for β-catenin and DAPI after 24 hours incubation in presence or absence
of Dkk-1. Results display quantiﬁcation of nuclear versus β-catenin intensity of >
50 hMSC micropatterns (n = 50) incubated in growth medium for 24 hours as an
indication of nuclear translocation and activity as transcription factors. Values
are means ± S.D of 3 independent experiments performed in duplicate. ** equals
ρ < 0.01 according to one-way ANOVA analysis followed by Turkey and Bonferoni
Post-Hoc tests.
Furthermore, it was investigated if the observed cell geometry-dependent b-catenin
activation is cell type speciﬁc. Given the fundamental role of mesenchymal stem
cells in skeletal and bone development and the well studied regulatory role of b-
catenin signalling in this process, it was hypothesized that this mechanosensory
eﬀect of b-catenin could be speciﬁc to hMSCs that might helps to guide cell lin-
eage commitment at an early stage of skeletal development. To this end, the cell
shape-dependent b-catenin activation of micropatterned pre-osteoblasts and pre-
adipocytes was investigated by measuring the nuclear b-catenin accumulation by
immunoﬂuorescence quantiﬁcation (Fig. 7.26). Interestingly, in both cell types no
signiﬁcant diﬀerences in b-catenin activation were observed, which could indicate
that the observed cell geometry-dependent b-catenin activation is cell speciﬁc in
mesenchymal stem cells. Given that pre-diﬀerentiated osteoblasts and adipocytes,
which both originate from the mesenchymal stem cells, both appear to show no
cell geometry-dependent b-catenin activation could open up the possibility that
this eﬀect is limited to early skeletal development.
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Figure 7.26: Immunoﬂuorescence microscopy based quantiﬁcation of pre-adipocytes or pre-
osteoblasts on triangular, square or circular shaped ﬁbronectin micropatterns with
1350 µm2 surface area co-stained for β-catenin and DAPI after 24 hours incubation
in the relevant growth medium. Results display quantiﬁcation of nuclear versus
β-catenin intensity of > 50 hMSC micropatterns (n = 50) incubated in growth
medium for 24 hours as an indication of nuclear translocation and activity as
transcription factors. Values are means ± S.D of 3 independent experiments
performed in duplicate. ** equals ρ < 0.01 according to one-way ANOVA analysis
followed by Turkey and Bonferoni Post-Hoc tests.
7.2.3 Cell Geometry Guided Diﬀerentiation and b-Catenin
As a next step, the question if this observed cell geometry-dependent b-catenin
activation is invoked in mediating downstream eﬀect, in particular cell diﬀer-
entiation, was investigated. It was previously reported, that b-catenin directly
modulates RunX2 expression [106] and is a known mechanosensor in osteoblasts,
therefore, we explored whether b-catenin was a key eﬀector in hMSCs diﬀerentia-
tion directed by changes in cell architecture. In order to investigate if the observed
cell shape-dependent b-catenin activation might be involved in mediating hMSCs
diﬀerentiation guided by cell architecture, small interference RNA to suppress b-
catenin protein expression was used. At 7 days post-transfection, 60% of b-catenin
was still knocked down (Fig. 7.28) and this resulted in no visible changes in cell
morphology and shape compared to a scrambled control or untreated cells. The
ratio of PPARg over RunX2 in these cells by ICW following 7 days on micropat-
terns in the presence or absence of soluble diﬀerentiation factors was measured
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compared to round cells (Fig. 7.27) as described in the previous section.
In growth medium, inhibition of b-catenin expression resulted in a signiﬁcant de-
crease in the PPARg/RunX2 ratio in triangular and square shaped cells compared
to si-negative control leading to no diﬀerences amongst all shapes (Fig. 7.27, left).
This observation suggests that b-catenin is at least partly responsible for the bal-
ance between PPARg and RunX2 expression dictated by cell shape. b-catenin
knockdown in the presence of soluble diﬀerentiation cues resulted in no signiﬁcant
change in PPARg/RunX2 ratio of triangular and square shaped cells compared
to round cells. This data indicate that in the presence of soluble diﬀerentiation
factors, cell geometry-dependent changes in PPARg/RunX2 ratio might not be
aﬀected by b-catenin signalling or reduced b-catenin signal activation is compen-
sated by other signalling mechanisms. While a similar cell shape-dependent trend
in PPARg/RunX2 ratio was observed as compared to the control, because of in-
creased sample variation the diﬀerences between diﬀerent cell geometries were not
found to be signiﬁcant. A possible explanation for the increased sample variability
could be the presence of soluble diﬀerentiation cues as the experiments in growth
medium did not result in increased sample variation in measured PPARg/RunX2
ratio (Fig. 7.27, right). These data indicate that b-catenin might be involved
in mediating cell shape-dependent changes in PPARg/RunX2 ratio and therefore
potentially cell shape-dependent adipogenic or osteogenic lineage commitment of
MSCs in growth medium.
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Figure 7.27: Quantiﬁed ICW of hMSCs transfected with si-β-catenin and incubated on trian-
gular, square or circular shaped ﬁbronectin micropatterns with 1350 µm2 surface
area in either growth or mixed adipogenic and osteogenic diﬀerentiation medium
for 7 days. Samples were ﬁxed and subsequently co-stained for active-β-catenin
(ABC) and pan-β-catenin. Results are displayed as ratio of active-β-catenin
(ABC) over pan-β-catenin relative to circular cells indicating preferred adipogenic
over osteogenic lineage commitment. Values are means ± S.D of 3 independent
experiments performed in duplicate. * equals ρ < 0.05 and ** equals ρ < 0.01 ac-
cording to one-way ANOVA analysis followed by Turkey and Bonferoni Post-Hoc
tests.
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Figure 7.28: Transfection eﬃciency of si-β-catenin.ICW of non-patterned hMSCs transfected
with si-β-catenin compared against scrambled si-RNA transfected or untreated
cells subsequently co-stained for β-catenin and DNA 24 hour post-transfection.
Results are displayed as ratio of for β-catenin versus DNA indicating total β-
catenin concentration within cells and its associated knockdown eﬃciency.Values
are means ± S.D of one experiment.
Treatment of hMSCs with Dkk-1 for 7 days in the absence of soluble diﬀerentiation
factors resulted in no signiﬁcant changes in PPARg/RunX2 ratio in all three cell
shapes compared to the non-treated control. This observation is in line with no
eﬀect observed of Dkk-1 treatment on b-catenin signal activation as reported in the
previous section. Interestingly, again as observed with b-catenin signal activation
analysis, Dkk-1 treatment resulted in lower sample variation and more signiﬁcant
diﬀerences PPARg/RunX2 ratio between diﬀerent cell shapes compared to the
non-treated control.(Fig. 7.2). This eﬀect could be explained by autocrine or
paracrine Wnt secretion that aﬀects b-catenin signalling. However, the actual
observed cell shape-dependent b-catenin activation and change in PPARg/RunX2
ratio appears to be independet of Wnt ligands.
In the presence of soluble diﬀerentiation cues, Dkk-1 treatment signiﬁcantly de-
creased PPARg/RunX2 ratio in triangular and square shaped cells compared to
non-treated control leading to no diﬀerences amongst all shapes. This observa-
tion indicates a possible involvement of Wnts in regulating cell shape-dependent
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changes in PPARg/RunX2 ratio in presence of soluble diﬀerentation factors (Fig.
7.2). This result is in line with what has been reported previously by Kilian et
al. [166], who highlighted that diﬀerences in shape-dependent diﬀerentiation are
largely explained by diﬀerences in how cells respond to soluble diﬀerentiation fac-
tors, including autocrine and paracrine Wnts, which is regulated by the state of
cytoskeletal contractility. In addition, Wnts are diﬀerentially expressed by cells
that assume diﬀerent geometries [166].
Interestingly, in a gene expression microarray study it was reported by Kilian et al.
that micropatterned hMSCs exposed to a mixed adipogenic and osteogenic medium
show signiﬁcantly diﬀerent expression proﬁles compared to micropatterned hMSCs
that had not been treated with soluble diﬀerentiation cues. Almost half of both
adipogenic and osteogenic transcripts show opposite expression proﬁles in the cell
shapes depending on the presence or absence of soluble diﬀerentiation factors [166],
which is in line with our observations. Based on the cell contractility dependent in-
crease in expression of several transcripts involved in the Wnt/b-catenin signalling
pathway in the presence of soluble diﬀerentiation factors, it was suggested that
this pathway might be involved in mediating the observed cell contractility depen-
dent diﬀerentiation [166]. Interestingly, b-catenin itself is sharply upregulated in
lower cell contractility conditions especially in the absence of soluble factors [166].
b-catenin activity in diﬀerent cell geometries was analysed and it was found that it
is inhibited by higher cytoskeletal contractility. Furthermore, it was investigated
whether b-catenin has a role in cell shape guided diﬀerentiation. Downregulating
b-catenin protein expression by RNA interference erased shape-dependent hMSCs
commitment in the absence but not in the presence of soluble diﬀerentiation cues,
as measured by PPARg/RunX2 ratio.
7.3 Conclusion
In this study it is reported, that cell geometry guided hMSCs diﬀerentiation re-
sults in opposite eﬀects depending on the presence of soluble diﬀerentiation factors.
While in diﬀerentiation medium higher contractility inducing cell geometries result
in preferred osteogenic fate, the absence of these factors shows opposite eﬀects in
cell lineage commitment as indicated by the nuclear accumulation and expression
level of RunX2 and PPARg as well as alkaline phosphatase activity. It was also
found that b-catenin signalling, one of the major signalling nods in skeletal devel-
opment and bone formation, is diﬀerently activated depending on the underlining
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cell shape, which was observed to be negatively regulated by cell contractility and
lipid rafts formation. Furthermore, this eﬀect was found to be speciﬁc for hMSCs
and independent of soluble Wnts according to the measured expression level of
active non-phosphorylated b-catenin (ABC) over total b-catenin concentration as
well as nuclear accumulation and subcellular localisation. In absence of soluble fac-
tors, knock-down of b-catenin resulted in a signiﬁcant eﬀect on stem cell lineage
commitment as measured by the PPARg over RunX2 ratio with no signiﬁcant
diﬀerences observed between diﬀerent cell geometries. This indicates that, cell
geometry-dependent b-catenin activation appears to potentially mediate geome-
try guided hMSCs diﬀerentiation. However, in presence of soluble diﬀerentiation
factors knock-down of b-catenin resulted in no signiﬁcant eﬀect on PPARg over
RunX2 ratio but showed higher sample variation indicating that cell geometry-
dependent lineage commitment might not be mediated by b-catenin or the eﬀect
of b-catenin knockdown is compensated by other signalling mechansism that are
active when soluble diﬀerentiation factors are present. . Inhibition of Wnts by
Dkk-1 abolished cell geometry-dependent diﬀerentiation opening the possibility
of a possible involvement of para/autocrine Wnt secretion in this process, which
is also indicated by microarray data of the expression level of several Wnts in
micropatterned hMSCs in diﬀerentiation medium [166].
Taken together, the observations presented in this Chapter suggest a seemingly
antagonistic eﬀect of cell shape induced contractility on osteogenic or adipogenic
MSCs lineage commitment depending on the presence or absence of soluble diﬀer-
entiation factors It would also be needed to conﬁrm the ﬂuorescence microscopy
and ICW based observations by Western blot analysis of cell lysates and to analyse
more adipogenic and osteogenic diﬀerentiation markers by for example RT-PCR.
Furthermore, the results indicate a cell shape-dependent b-catenin activation de-
pendent on cell contractility and lipid raft formation that potentially mediates the
observed cell shape-dependent lineage commitment. It would be interesting to fur-
ther analyse and validate these result by using Western blot analysis of cell lysates
and to analyse the activation of b-catenin target genes for instance by using cells
transfected with a construct including a b-catenin reported gene.
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8 Single Cell Derived ECM
Micropatterns as a Novel Tool
to decipher Cell Matrix
Interactions
8.1 Introduction
Secreted molecules from cells constitute the cell microenvironment commonly known
as extracellular matrix (ECM), which provides the bulk, shape, and strength of
many tissues in vivo, such as basement membrane, bone, and cartilage[286, 63,
168]. In addition to serving as mechanical support, ECM is one of the most
important regulators of cellular and tissue function in the body[147]. Tightly con-
trolled ECM homeostasis and remodelling is essential for development and normal
function of all tissue and organs in the human body, while sustained dysregulation
has been linked to life-threatening pathological conditions such as cancer, ﬁbrosis
and cardiovascular disease[286, 63, 168]. Therefore, understanding and manipu-
lating the regulation and deposition of ECM may be critical in elucidating the
underlying causes of speciﬁc disease states.
ECM regulates cell behaviour through insoluble chemical factors such as protein
binding sites and physical cues, including the surface topography and mechanical
properties of the ECM. These cues are sensed by cells though cell surface recep-
tors, called integrins, and are subsequently transduced into downstream signaling
that results in a speciﬁc behaviour[327, 87, 147]. Conversely, cells have also been
shown to alter the ECM through active remodelling either by degradation via spe-
ciﬁc enzymes called metalloproteases or by secretion of new ECM components.
Knowledge of the factors aﬀecting cell-mediated ECM remodelling and secretion
is still very limited, and work towards improving this understanding will be critical
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for unravelling the complex interplay of the cell-matrix interactions that, in part,
dictate our understanding of cellular physiology and pathology. Depending on the
tissue or pathological state, cells display distinct architectures as a result of speciﬁc
cell adhesion and spreading provided by the surrounding ECM. Although it is well
known that cell architecture aﬀects a wide range of physiological processes and
can act as a mediator of ECM-induced cell regulation, the question of whether
cell architecture can also directly aﬀect ECM homeostasis and remodelling has
remained relatively unexplored. The latter relationship would open up the possi-
bility of a bidirectional regulation and feedback signaling mechanism between cell
architecture and its surrounding ECM essential that may be a critical component
in the complex interplay of cell-matrix interactions.
In order to investigate if cell architecture has an eﬀect on cell matrix remodelling,
the matrix deposition of individual micropatterned cells constrained to diﬀerent
shapes was studied. By taking advantage of the prolonged cell micropattern sta-
bility as described in Chapter 3, novel decellularized ECM structures from mi-
cropatterned cells at single cell resolution by long-term incubation in high serum
conditions were developed. Decellularization techniques have long been used in tis-
sues to separate cells from their matrix, but have not yet been applied to patterned
surfaces [226, 140, 111, 222, 292]. This decellularized single-cell micropatterned
system was then used to analyse structure and composition of major protein com-
ponents of the ECM via immunolabeling.
8.2 Results and Discussion
8.2.1 The ECM Micropattern System
Figure 8.1 shows the development of stable cell micropatterns and subsequent
ECM micro-well generation, which starts is initiated by the generation of multiple
stamps bearing posts with a deﬁned microstructure as described in the previous
chapter. Again small features with a surface area of 1350 µm2 per island, which
results in mostly single cell patterns, and triangular, square and circular features
were used. We found that the resulting cell micropatterns are stable for three weeks
under cell culture conditions as reported in Chapter 3. Literature indicates that
no system based on soft lithography has thus far been shown to allow such a long
stability of cell micropatterns at single cell resolution. In addition, since serum has
been shown to decrease the lifetime of micropatterns [231], it is worth noting that
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the observed stability of our system is not aﬀected even in the presence of serum
concentrations as high as 20% (w/v). In order to utilize the extraordinary stabil-
ity of the patterns, we applied this system to cell studies where longer incubation
times and therefore exceptionally high cell culture stability properties are required.
Speciﬁcally, we investigated how constraining the cells to deﬁned geometries inﬂu-
enced the composition of their secreted structural molecules, which are normally
responsible for the degradation and failure of cell micropatterns during prolonged
incubation times [231]. Human dermal ﬁbroblasts were seeded on the micropattern
substrates and incubated under normal cell culture conditions (5% CO2, 37ºC) in
presence of 20% (w/v) fetal bovine serum for two weeks. The micropatterns were
then decellularized using a combination of detergents and enzymes.
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Figure 8.1: Schematic of procedure to produce ECM micropatterns. 1. Stamps for microcon-
tact printing were produced by replica casting of PDMS precursor mix against a
silicon master made by photolithography. After curing, solidiﬁed PDMS stamps
bearing the negative pattern of the master were peeled oﬀ. 2. In order to pro-
duce a protein micropattern by microcontact printing, PDMS stamps were coated
with a aqueous ﬁbronectin solulution and placed in conformal contact with a ﬂat
polystyrene substrate resulting into a patterned protein layer on the surface of the
polystyrene substrate consiting of micro-islands in a desired shape. 3 Surrounding
non-patterned surface was coated with pluronic, which prevents cell adhesion and
therefore conﬁnes adherence and spreading of seeded cells to the protein micro-
islands resulting into monolayers of cell patterns in deﬁned shapes. 4. After two
weeks of incubation, cell micropatterns were ﬁxed and decellularized by using an op-
timized decelluarlization protocol resulting into decellularized ECM micropatterns.
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8.2.2 Cell geometry-dependent Matrix Protein Deposition
Analysis
The resulting ECM structures were subsequently stained against key components
within the ECM matrix, including ﬁbrillin-1, elastin, collagen I, and laminin (Fig-
ure 8.2), and a clear deﬁned structure for each protein component was evident
[63]. The ﬂuorescence intensity signal for ﬁbrillin-1 and elastin was found to be
higher in cell geometries that induced higher cell contractility , such as triangular
and square islands, compared to round cells. In contrast, Collagen I stained decel-
lularized ECM micropatterns exhibited a clearly higher signal intensity in circular
geometries compared to square or triangular island shapes, while laminin stain-
ing showed no clear diﬀerence in signal intensity between diﬀerent cell geometries.
These observations indicate that matrix secretion of certain ECM proteins might
be dependent on the underlying geometry of the cell.
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Figure 8.2: The ECM micropattern system. Immuno-ﬂuorescence images of decellularized
ECM micropatterns stained against ﬁbrillin I, elastin, collage I, laminin using a
63x ojective. Scale bar = 20µm
The signal intensities of the matrix were further analysed using image quantiﬁ-
cation of the ﬂuorescence signals (Figure 8.3). For each protein component, the
average signal intensity of the total microisland area was measured in all island
geometries by keeping all parameters constant in order to be able to compare
the results between diﬀerent shapes. For each shape, over 500 individual microis-
lands were analysed from three independent experiments to obtain a statistically
signiﬁcant estimation of the secreted protein components across the whole cell
population. Collagen I signal intensity was signiﬁcantly higher in circular shaped
decellularized microislands compared to triangular and square shapes (r < 0.001),
with a diﬀerence of almost 30% in signal intensity exhibited between circles and
triangles (Figure 8.3 a). Interestingly, in direct contrast to collagen I, both elastin
and ﬁbrillin-1 exhibited signiﬁcantly higher signal intensity in microislands shapes
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inducing a higher cell contractility (triangles and squares) compared to circular
shapes (ﬁbrillin-1, r < 0.05; elastin, r < 0.001; diﬀerence compared to circles in
both cases ~ 20%) (Figure 8.3 b-c).
Quantiﬁcation of laminin signal intensities revealed no signiﬁcant changes between
diﬀerent cell geometries and notably a clearly larger error compared to quantiﬁca-
tion results of the other protein components, possibly caused by larger variation of
laminin secretion within the cell population (Figure 8.3 d). Taken together, these
results further support the previous observations, suggesting a possible eﬀect of cell
shape on secretion of extracellular matrix proteins. Cell shape seems to have a dif-
ferent eﬀect on the secretion of speciﬁc matrix proteins. While triangle and square
shaped cells resulted in increased ﬁbrillin-1 and elastin signal intensities compared
to round cells, opposite results were found for collagen I. It would be expected that
triangular and square shaped hFF micropatterns show an increased cell contrac-
tility compared to round ones as it was previously observed with using hMSCs.
Therefore this might indicate a potential link between cell shape-dependent ma-
trix secretion and cell contractility. Furthermore, the localization-dependent signal
intensity of collagen I was investigated across the whole cell population using im-
munoﬂuorescence heatmaps for the three diﬀerent shapes.
Collagen I heatmaps reveal a characteristic structure of the deposited protein and
an overall higher signal intensity in circular shapes especially pronounced around
the microisland perimeter, which is in line with the previous results (Figure 8.3 e).
In contrast, laminin heatmaps show clearly diﬀerent average ﬂuorescence intensity
signal (Figure 8.3 f). This suggests that not only the overall abundance but also
the localisation and structure of individual secreted ECM components diﬀers de-
pending on the geometry of the cell. In addition, laminin heatmaps show an even
distribution of ﬂuorescence signal within the ECM micropatterns which is diﬀerent
compared to the representative images in Fig. 8.2 where the laminin signal was
mostly limited to the outer edge of the ECM micropatterns. The reason for this
diﬀerence is the large sample variation of the laminin signal as reported before.
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Figure 8.3: Immunoﬂuorescent quantiﬁcation of ECM components in decellularized patterns.
(a-d) Immuno-ﬂuoresence quantiﬁcation of decellularized ECM micropatterns in
triangular, square or circular geometries and 1350 µm2 surface area stained against
collage I, ﬁbrillin I, elastin, laminin. Mean ﬂuorescence intensity of the whole ECM
micropattern was quantiﬁed based images obtained with a 40x objective. Results
show the average of 500 cells (n=500) from for each shape and ECM component.
Values are means ± S.D of 3 independent experiments performed in duplicate.
** equals ρ < 0.01 according to one-way ANOVA analysis followed by Turkey
and Bonferoni Post-Hoc tests. (e) Fluorescence intensity heatmaps showing the
average localisation dependent ﬂuorescence intensity of ECM micropatterns stained
for collagen I and laminin. Brigher colour indiates higher intensity. 30 images ECM
micropatterns (n = 30) were used to generate each heatmap. The microscopy
images were obtained with a ﬂuorescence microscope using a 63x objective. Scale
bar = 20µm.
Overall, these results demonstrate signiﬁcant diﬀerences in secretion of collagen
I, ﬁbrillin-1, and elastin in cell micropatterns of diﬀerent cell geometries. Taken
together, the studies indicate that cell geometry, likely mediated by a geometry-
induced diﬀerence in cell contractility, aﬀects ECM formation and remodeling via
a cell shape-dependent secretion of proteins. Interestingly, the presence and alter-
ations of these components in the ECM has been shown to have an eﬀect on the
regulation of several physiological processes and disease conditions. For example,
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it was reported that changes of collagen I deposition aﬀects cell migration and its
presence maintains cell survival in ﬁbroblasts [325, 374]. Both collagen and elastin
are suggested to be involved in ﬁbrosis, [367, 101] while collagen organisation and
adhesion are associated with tumor development [253]. Therefore, the observed
cell geometry-dependent deposition of matrix proteins in this model system pro-
vides important indications that cell architecture itself changes the structure and
composition of its surrounding ECM by cell geometry- dependent secretion of ECM
components with physiological relevance.
8.2.3 Eﬀect of Matrix Deposition on Cell Behaviour
As mentioned before, the analysed ECM components in this study were previ-
ously found to have cell regulatory eﬀects according to literature. As several of
these components appear to be secreted in diﬀerent amounts depending on the cell
shape, it was hypothesized that this might also aﬀect cell behaviour. Therefore,
the question if the observed cell shape-dependent matrix protein deposition has ef-
fects on cell behaviour and could therefore represent a novel regulatory mechanism
was investigated. In order to analyse that, a preliminary experiment by re-seeding
ﬁbroblasts on ECM micropatterns followed by analysis of b-catenin activation were
performed (Fig. 8.4). b-catenin signalling has been reported to play an impor-
tant part in several physiological processes in ﬁbroblasts including wound healing
and ﬁbrosis [51, 363]. b-catenin activation depending on the ECM composition
as an indication of the involvement of cell shape-dependent matrix deposition was
analysed in ﬁbroblasts seeded on circular, square and triangular ECM geometries.
These geometries of ECM micropatterns show a signiﬁcant diﬀerence in collagen
I, elastin and ﬁbrillin I according to the ﬂuorescence microscopy based quantiﬁca-
tion observed before. Comparison of cellular b-catenin activation of cells seeded
on these diﬀerent ECM micropatterns with cells seeded on identical ﬁbronectin
or collagen I micro-island features allows to investigate a potential direct eﬀect of
diﬀerently secreted ECM components on b-catenin signalling independent of cell
shape. As a ﬁrst experiment, ﬁbroblasts micropatterns were prepared by using nor-
mal ﬁbronectin based micropattern substrates. After 24 hours post seeding, the
cells micropatterns were ﬁxed and subsequently stained for b-catenin and DAPI.
Quantiﬁcation of nuclearversus cytosolic b-catenin signal intensity by ﬂuorescence
microscopy showed no diﬀerences between triangular, square or circular shaped cell
micropatterns (Fig. 8.5). Furthermore, ﬁbroblasts were seeded on ECM micropat-
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terns, which only adhered and spread within the ECM micro-islands resulting in
deﬁned cell micropatterns similar to the one obtained with freshly prepared normal
substrates. Interestingly, quantiﬁcation of bnuclearversus cytosolic b-catenin signal
intensity in those micropatterned cells revealed a signiﬁcant diﬀerence in b-catenin
translocation between diﬀerent micropatterned cell shapes with a highest nuclear
translocation in round cells and lowest in triangular ones (Fig. 8.5). This indicates,
that within this model system, diﬀerent ECM composition and maybe even struc-
ture caused by diﬀerent cell shapes could potentially aﬀect b-catenin signalling in
ﬁbroblasts. According to the previous quantitative ﬂuorescence microscopy based
analysis it appears that round ECM micropatterns show a higher collagen I con-
tent. In order to analyse that collagen I micro-islands of identical shape and size
were produced. Seeding of ﬁbroblasts resulted in deﬁned cell micropatterns similar
to the previously analysed ﬁbronectin or ECM based cell micropatterns. Analysis
of nuclear b-catenin translocation by ﬂuorescence image quantiﬁcation of ﬁbrob-
last micropatterns based on collagen I revealed a signiﬁcant increase in nuclear
b-catenin accumulation in all cell shapes compared to identical cell micropatterns
based on ﬁbronectin (Fig. 8.5). This could be a preliminary indication, that
collagen I content in ECM, aﬀected by cell shape-dependent secretion, positively
regulates b-catenin signaling. Without any doubts, these preliminary results would
need to be conﬁrmed by additional experiments and analysis in order to allow any
conﬁdent statements regarding the link between matrix composition and b-catenin
signaling. However, it is believed that this experimental set up introduces an in-
teresting new system that allows to investigate the eﬀects of matrix remodelling
on cell signalling in vitro by tightly controlling cell adhesion and geometry.
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Figure 8.4: Schematic of procedure to produce reseeded ECM micropatterns. Procedure to
produce ECM micropatterns as before followed by reseeding of cells.
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Figure 8.5: Immunoﬂuorescence microscopy based quantiﬁcation of ﬁbroblasts on triangu-
lar, square or circular shaped micropatterns with 1350 µm2 microisland sizes and
diﬀerent underlining protein micro-islands. Cells were ﬁxed after 24 hours and
subsequently co-stained for β-catenin and DAPI. Results display quantiﬁcation of
nuclear versus β-catenin intensity of > 50 hMSC micropatterns (n = 50) incubated
in growth medium for 24 hours as an indication of nuclear translocation and activ-
ity as transcription factors. Values are means ± S.D of 3 independent experiments
performed in duplicate. ** equals ρ < 0.01 according to one-way ANOVA analysis
followed by Turkey and Bonferoni Post-Hoc tests.
8.3 Conclusion
In this Chapter a new technique using decelluarization that generates micropat-
terned ECM scaﬀolds from individual micropatterned cells is presented. These
decellularized ECM micropatterns can be used to analyze deposition of ECM
molecules independent of endogenous protein abundance in cells of deﬁned sizes
and geometries. Using immunoﬂuorescence intensity quantiﬁcation, indications of
a cell shape-dependent secretion of several extracellular matrix components in-
cluding collagen I, elastin and ﬁbrillin-1 in human dermal ﬁbroblasts was found.
Furthermore, ﬂuorescence intensity heatmaps of micropatterned ECM scaﬀolds
indicates distinct cell geometry-dependent localisation of secreted collagen I and
laminin opening up the possibility, that besides composition, also localisation of
the secreted ECM components is aﬀected by cell shape. This system provides
strong evidence that cell architecture can inﬂuence the local deposition of ma-
trix and may therefore have important physiological consequences. Furthermore,
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preliminary indications that this cell geometry-dependent ECM secretion aﬀects
b-catenin signaling in dermal ﬁbroblasts was found, which is known to play an
important role in wound healing and ﬁbrosis. Taken together this technique could
be used as a in vitro system that allows to study the eﬀect of ECM on cell be-
haviour by taking cell adhesion and shape into account. In addition to exploring
the eﬀects of cell architecture on the surrounding ECM, we believe this technique
could also have tremendous potential in helping to uncouple the broad range of
signalling events that are regulated by ECM organisation and aﬀect cell adhesion
and architecture, which might in turn improve the understanding of how distinct
tissue-speciﬁc cell morphologies inﬂuence tissue properties.
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9 Correlative Light-Ion
Microscopy for Biological
Applications
9.1 Introduction
Epiﬂuorescence microscopy is one of the most widely used techniques in cell biology,
providing a simple means to obtain spatial information about proteins. However,
the information gained is typically limited in resolution by the wavelength of the
light used and restricted to the proteins targeted. On the other hand, Scanning
Electron Microscopy (SEM) oﬀers much higher magniﬁcation and can easily pro-
vide three-dimensional visual information of all superﬁcial components present on
samples. For this reason, SEM has been increasingly applied to the study of cells
and their interaction with biomaterials [295]. Notwithstanding its several advan-
tages, electron microscopy typically cannot yield information on the biochemical
nature of a sample. Hence, epiﬂuorescence and electron microscopy are two ide-
ally complementary methods and developing approaches to use both on the same
sample would impact greatly on all ﬁelds of cell biology. In spite of the highly
desired combination of ﬂuorescence and SEM to study biological specimens, to
date several factors have prevented their simultaneous use. Firstly, samples for
SEM need to be dried and coated with a conductive layer, whereas samples for
ﬂuorescence microscopy are typically retained in a hydrated state. Secondly, the
ﬂuorescence signal is extremely delicate and is destroyed by the high-energy elec-
tron beam used for SEM. Due to these mutually exclusive requirements, the way
researchers currently obtain a ﬂuorescence and a SEM image of the same region of
a specimen is by recording a ﬂuorescence image ﬁrst, and a SEM image afterwards
[331, 179, 353]. Correlating the same microscopic region of a specimen by SEM
and ﬂuorescence is time-consuming and, in the absence of landmarks visible with
both techniques, sometimes impossible. Whilst several attempts have been made
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to correlate light and electron microscopy [331, 27, 348, 359, 85] these approaches
do not allow one to reverse back to ﬂuorescence imaging following electron mi-
croscopy, since electron imaging destroys the ﬂuorescent signal. The possibility of
re-examining samples with either microscopy technique would give users consider-
able advantages over traditional methods.
Here the combination of Scanning Ion Microscopy (SIM) and ﬂuorescence imag-
ing to obtain topographical and biochemical information from the same area of
the sample at nanoscale resolution, without destroying the ﬂuorescence signal is
reported. SIM, unlike the electron beam used in SEM, uses a gallium beam to ex-
tract secondary electrons from a surface and yet generates an electron micrograph.
It is demonstrated here that the gallium beam can be used with ﬂuorescent probes
without loss of ﬂuorescence (probably because gallium ions have low penetration
into the surface of the sample [214, 110] a characteristic never shown before accord-
ing to literature. As an additional advantage, SIM allows etching of the sample
(a feature that is commonly used in sample preparation for Transmission Electron
Microscopy (TEM)) [209] at nanoscale resolution, creating selective branding and
easy identiﬁcation of the area of interest.
9.2 Results and Discussion
A combination of epiﬂuorescence microscopy and standard electron/ion microscopy
is only possible if the delicate ﬂuorescence signal is not destroyed by either the re-
quired preparation or image generation procedure. As a ﬁrst step, we investigated
the eﬀect of the electron microscopy preparation process on the ﬂuorescence signal
of a immunoﬂuorescently labeled specimen. Therefore, cells adherent to a glass
surface were ﬁxed and subsequently stained according to standard immunohisto-
chemistry protocols. The samples were then treated by standard sample prepa-
ration for electron microscopy including dehydration in a graded series of ethanol
dilutions (25, 50, 70, 90 and 100%, 5 min each), immersion in HMDS for 5 min
followed drying at room temperature. The immersion in HMDS guarantees that
ultra-structural features of the cell are not altered during the drying process [34].
Finally, samples were analysed by ﬂuorescence microscopy to investigate the eﬀect
of the drying process and HMDS treatment on the ﬂuorescence signal. Interest-
ingly, the microscopy analysis revealed that the ﬂuorescence signal was still intact
(Fig. 9.1), which has never been shown before according to literature. Also when
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samples were subsequently coated with 5 nm of chromium the ﬂuorescence sig-
nal was not aﬀected as conﬁrmed by ﬂuorescence microscopy analysis (data not
shown).
Figure 9.1: Fluorescence micrograph of Saos-2 osteosarcoma cells grown on glass for seven days
and subjected to immunoﬂuorescence for vinculin (red), staining for actin (phal-
loidin, green) and nuclei (DAPI, blue). Samples shown here were dried through a
series of graded ethanol then immersed in HDMS and ﬁnally air dried.
As a next step, the eﬀect of the electron microscopy imaging process on the ﬂuores-
cence signal was investigated. Adhered cells were labeled by standard immunoﬂuo-
rescence labelling techniques followed by the drying process and HMDS treatment
as before and subsequently introduced the specimen into a SIM (Helios NanoLa 50
series Dual Beam microscope). The equipment was operated as usual, and the ﬁrst
step was to obtain an overview of the sample to ﬁnd an area of interest for detailed
analysis using the ion beam. The region chosen was then branded by milling with
the gallium beam. The branding enabled localisation of this area with an optical
microscope and facilitated switching back and forth between the two imaging tech-
niques. For comparison with the ion beam, the eﬀect of a conventional electron
beam on the ﬂuorescence signal was investigated. Two grooves were milled side
by side on the same sample using the ion beam and subsequently imaged using
either the electron beam (Fig. 9.2) or the ion beam respectively (Fig. 9.3). The
ﬂuorescence signal suﬀered considerable bleaching by the electron beam (Fig. 9.4
1) whereas the region imaged by the ion beam (Fig. 9.4 2) appeared intact. Based
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on these observations it was concluded, that the SIM generated micrograph does
not aﬀect the ﬂuorescence signal whereas the electron beam for a SEM generated
micrograph destroys the ﬂuorescent labelling of the sample. Therefore, SIM not
only allows to brand the sample by milling with the gallium beam, it also allows
to obtain micrographs of a ﬂuorescently labeled specimen without aﬀecting the
ﬂuorescence signal. The ﬂuorescence signal proved to be stable to several cycles of
ﬂuorescence and ion micrographs, which allows to easily switching forth and back
between the ﬂuorescence microscopy and SIM.
Figure 9.2: SEM micrograph of sample shown in Fig. 2a (1) of main text. Saos-2 cells were cul-
tured on glass. Region shown was branded by ion milling and imaged with electron
beam. Subsequently, the same region was visualized by ﬂuorescence microscopy.
Note how clearly the cell nucleus can be seen through the milling (right panel).
Scale bar = 5 µm. SIM image aquisition by Dr. S. Bertazzo.
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Figure 9.3: SIM micrograph of sample shown in Fig. 2a (2) of main text. Saos-2 cells were
cultured on glass. Region shown was branded by ion milling and imaged with
gallium ion beam. Subsequently, the same region was visualised by ﬂuorescence
microscopy. Scale bar = 5 µm. SIM image aquisition by Dr. S. Bertazzo.
Figure 9.4: Comparison of ion and electron beam scanning eﬀect on ﬂuorescent signal. Saos-2
cells were cultured on glass and stained for vinculin (red), actin (green) and nuclei
(blue). Two regions were branded by ion milling. These areas were then imaged
with either an electron beam (1) or an ion beam (2). Subsequently, both regions
were visualised by ﬂuorescence microscopy, demonstrating that the ion-irradiated
region was unchanged whereas the electron-irradiated region was signiﬁcantly al-
tered. Scale bar = 25 μm.
Figure 9.5 illustrates the process experimentally. Saos-2 cells were ﬂuorescently
labelled for F-actin, vinculin and DAPI according to standard procedure as be-
fore. After drying, HDMS treatment and chromium coating cells were introduced
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into the a SIM and distinct motif for illustration purposes (London Skyline) was
branded into the sample by using the gallium beam (Fig. 9.5a). This branded mark
is clearly visible with an optical light microscope (Fig. 9.5b) and allows to easily
localise a region of interest for SIM-ﬂuoresence correlation as well as switching back
and forth between the two imaging techniques. The same sample already imaged
by SIM and ﬂuorescence microscopy was re-introduced in the FIB microscope so
that a second region, this time within cells, could be branded (Fig. 9.5c). After
this procedure, a new ﬂuorescence micrograph was successfully obtained showing
preservation of vinculin and actin ﬁbres even at sub-micron distances from the
branding (Fig. 9.5d,e). The whole process is summarized in Figure 9.5f.
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Figure 9.5: SIM and ﬂuorescence micrographs showing that ion milling with a gallium beam
does not alter the ﬂuorescence signal. (a) SIM image with a section of the London
skyline branded through ion milling below Saos-2 osteosarcoma cells grown on glass.
Scale bar = 50 μm. (b) Corresponding bright ﬁeld image of the same region shown
in a, previously imaged by SIM. (c) SIM micrograph of the same cells presented
in a and b after additional branding, this time through the cells. Scale bar =
25 μm. SIM image aquisition by Dr. S. Bertazzo.(d) Fluorescence micrograph
corresponding to panel c. Cells were stained for vinculin (red), actin (green) and
nuclei (blue). Scale bar = 25 μm. (e) Higher magniﬁcation of the branding on
cells showing that there is no damage to the ﬂuorescence signal in the vicinity of
the milled region. Scale bar = 5 μm. (f) Scheme of the steps taken to obtain SIM
and ﬂuorescence micrographs of the same region within a sample. (I) Staining and
drying, (II) chromium coating, (III) ion branding and electron image acquisition,
(IV) ﬂuorescence image acquisition and (V) ion branding and ﬂuorescence image
acquisition.
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The method presented here does not require any steps in addition to the standard
sample preparation and handling procedures for conventional SIM and ﬂuores-
cence microscopy. This approach is likely to ﬁnd applications across the ﬁelds
of cell biology and biomaterials and could play role in the investigation of the
cell-material interaction. In order to investigate that, we analysed the compatibil-
ity of SIM/ﬂuorescence correlation with diﬀerent samples set-ups and microscopy
techniques. First, we tested the method on a 3D biomaterial scaﬀold designed
for musculoskeletal tissue engineering and images of the polymer microﬁbers (Fig.
9.6) highlight the spatial correlation between cells and the 3D environment. This
allows a clear distinction of microﬁbres only visible by SIM micrograph and cell
morphology only visible by ﬂuorescence microscopy, which provides valuable com-
plementary information about ﬁbre structure and cell morphology that would be
impossible to obtain without a correlation of those microscopy techniques. More-
over, the identiﬁcation of the imaged cells was extremely time eﬃcient, since the
branding function on the SIM for simple landmarks does not require more than
2 min. Furthermore, we used a popular cell biology platform, single cells grown
on a micropatterned surface prepared as described in the previous chapter as a
successful an application example (Fig. 9.7).
Figure 9.6: SIM and ﬂuorescence micrographs of the same MC3T3-E1 pre-osteoblast 33 cells
cultured on electrospun poly-lactic acid (PLLA) micro-ﬁbres. Cells were stained
for actin (red) and nuclei (blue). Scale bar = 25 μm. SIM image aquisition by Dr.
S. Bertazzo.
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Figure 9.7: SIM image and correspondent ﬂuorescence micrograph of a ﬁbroblast cultured onto
a triangular micro-patterned surface on polystyrene. Cells were stained for tubulin
(red), actin (green) and nuclei (blue). Scale bar = 25 μm. SIM image aquisition
by Dr. S. Bertazzo.
In addition, the compatibility of SIM/ﬂuorescence correlation with confocal mi-
croscopy was tested. Fluorescently labelled samples were prepared according to
the previously outlined procedure, imaged with SIM and subsequently analysed
by a confocal microscope with either two photon or UV/argon laser. It was found
that, unlike normal epiﬂuorescence, ﬂuorescence signal is not detectable by con-
focal microscopy because of chromium coating. Interestingly, confocal microscopy
analysis of DAPI staining appears to be the unaﬀected by chromium coating (Fig.
9.8). A possible reason for that could be the speciﬁc wavelength of the laser or
the speciﬁc stain itself. In order to shed light on this phenomenon, it would be
interesting to analyse diﬀerent stains and ﬂuorophores within the UV excitation
range.
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Figure 9.8: Confocal ﬂuorescence micrographs of hMSCs grown on glass for 1 day followed by
ﬁxation and staining against DAPI to highlight each cell nucleus. Samples were
dried with a series of graded ethanol, HMDS and then coated with chromium.
Furthermore, the compatibility of SIM/ﬂuorescence correlation with Total Internal
Reﬂection Fluorescence (TIRF) microscopy was tested. TIRF microscopy allows
to image the ﬁrst 100 nm into the cells and is therefore ideal to analyse the plasma
membrane adherent to the substrate and the cell-substrate interface with a high
signal to noise ratio and a spatial resolution higher than conventional confocal
microscopy. This technique is also based on a argon laser as conventional confocal
microscopy, however as the light beam does not transmit through the substrate
it might be unaﬀected by the chromium coating on top of the cells. Indeed, ﬁ-
broblasts adhered to a glass surface and subsequently immunolabelled for vinculin
showed no eﬀect of the SIM preparation procedure or imaging on the ﬂuorescence
signal and presented image quality similar to that of samples prepared by stan-
dard protocols for TIRF microscopy. SIM/TIRF correlation images of a migrating
ﬁbroblast enabled the visualization of vinculin organized in large focal adhesion
complexes opposite the mobile cell edge, indicating that the cell is in an inter-
mediate step of migration, where one of its sides is still stably adhered to the
substrate. It is worth noting that TIRF microscopy can be used in combination
with super-high resolution microscopy [212], which could push the scale of corre-
lation even further, to single molecule identiﬁcation and correlation opening up
many intriguing possibilities in basic cell biology or cell material interaction stud-
ies. Furthermore, as mentioned earlier, with SIM it is possible to create ﬁducial
221
marks at the nanoscale. By branding a mark at a nanoscale resolution followed
by TIRF analysis we found ﬂuorescence signal of features below 100 nm which
demonstrates the extremely high resolution in this correlative technique that even
allows the correlative analysis of structures as low as 100 nm (Fig. 9.9). Taken
together, this shows the possibility to correlate Light-Ion Microscopy with Total
Internal Reﬂection Fluorescence (TIRF) microscopy, in order to obtain correlation
of SIM and ﬂuorescence micrographs at the sub-micron scale.
Figure 9.9: Correlated SIM/TIRF micrograph. (a) Adherent ﬁbroblast stained for vinculin
(red) and branded with a ﬁducial mark by FIB. (b) Zoom in on the branded cell
area showing intact ﬂuorescence signal notably between the parallel lines of the
marks.
9.3 Conclusion
The experiments presented here show that ﬂuorescence signal of biological sam-
ples is not aﬀected by the electron microscopy sample preparation involving drying,
HDMS treatment and chromium coating. It was also demonstrated that an elec-
tron beam but not ion beam distroys the ﬂuorescent labelling of samples. There-
fore, SIM but not SEM allow to generate micrographs that do not aﬀect the
ﬂuorescence signal and therefore allow switching forth and back between SIM and
ﬂuorescence microscopy. Furthermore, SIM oﬀers to brand speciﬁc regions within
the sample by milling with the gallium beam, which are clearly visible by opti-
cal microscopy and allow an easy correlation between ﬂuorescence microscopy and
SIM. This technique was successfully applied to diﬀerent biological samples in-
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cluding cell micropattern and cells within a tissue engineering scaﬀold. Moreover,
the compatibility of SIM/ﬂuorescence with diﬀerent optical microscopy techniques
was also tested. It was found, that in contrast to normal epiﬂuorescence confocal
microscopy is only partly compatible with SIM/ﬂuorescence correlation due to the
chromium coating. Of all diﬀerent ﬂuorescence stains tested, only DAPI ﬂuores-
cence signal was unaﬀected by SIM sample preparation and micrograph generation.
Importantly, it was found that SIM/ﬂuorescence correlation is compatible with To-
tal Internal Reﬂection Fluorescence (TIRF) microscopy and allows correlation in
the sub-micron scale. Given, that TIRF microscopy can be used in combination
with super-high resolution microscopy, which could push the scale of correlation
even further, to single molecule identiﬁcation and correlation. It is believed that
being able to repeatedly obtain images of the same sample by ﬂuorescence and
ion microscopy and to correlate SIM and TIRF micrographs at the submicron and
nanoscale can considerably contribute to the ﬁeld of biological imaging. Given the
simplicity, robustness and eﬃciency of this new approach, together with the fact
that SIM microscopes are becoming more and more common in universities and
other research centers, there is a strong likelihood that the technique presented
here will rapidly become a routine procedure in biomedical laboratories.
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10 Uncoupling the Eﬀects of
Matrix Elasticity, Cell
Spreading and Shape on Cell
Behaviour
10.1 Introduction
Besides, cell spreading and geometry, the stiﬀness of the underlining substrate
cells are adhered to, has been reported to aﬀect many diﬀerent aspects of cell
behaviour usually mediated by changes in cytoskeleton particularly actomyosin
tension as well as cell adhesion [192, 70, 81, 221, 108, 172]. Particular, it has
been shown that substrate stiﬀness can direct cell diﬀerentiation. In a landmark
paper by Engler et al., mesenchymal stem cells were reported to diﬀerentiate into
neuronal, muscle or osteoblastic lineages in identical serum conditions only by
changes of the underlining substrate stiﬀness [81]. A recent study reported that
the observed changes in hMSCs lineage commitment is induced by the underlining
surface topography but not necessarily substrate stiﬀness itself: Polyacrylamide
(PA) hydrogels but not PDMS with diﬀerent stiﬀness values were found to direct
hMSC lineage commitment because PA gels but not PDMS shows a diﬀerent sur-
face topography. Interestingly, not only hMSCs lineage commitment but also cell
shape and spreading was found to be unchanged in cells on PDMS substrates of
diﬀerent stiﬀnesses [343]. On the other hand, cells adhered to PA gels in diﬀer-
ent stiﬀnesses are well known to show clearly diﬀerent cell shapes [251, 343, 81].
As described previously, similar diﬀerences in MSC diﬀerentiation were achieved
by solely regulating cell shape or spreading based on microfabrication techniques.
Therefore, the question arises if substrate stiﬀness and topography only indirectly
inﬂuences diﬀerentiation by causing changes in cell spreading, which itself trigger
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downstream eﬀects resulting in speciﬁc cell behaviour or if in fact the elasticity
of the underlining substrate has a direct eﬀect on cell behaviour distinct to cell
geometry and spreading.
In order to investigate that, a new system based on cell micropatterns on PA gels
was developed, which allows combined analysis of the eﬀect of substrate stiﬀness
and geometrical constrains on cell diﬀerentiation. This system was subsequently
used to study cell architecture, contractility and lineage commitment of micropat-
terned hMSCs in diﬀerent geometries and underlining PA substrate elasticities. It
was found that only cell geometry but not underlining substrate stiﬀness causes
changes in cell architecture and contractility as well as hMSC lineage commitment.
10.2 Results and Discussion
Arguably one of the most commonly used systems to analyse the eﬀect of substrate
stiﬀness on cell behaviour in the physiological range in vitro involves PA hydro-
gels in diﬀerent crosslinking ratios produced by a process established by Engler
et al. [81]. PA hydrogels are produced by inducing free radical polymerization.
By mixing various acrylamide and bis-acrylamide concentrations diﬀerent matrix
elasticities (E) of PA hydrogels ranging from 2 kPa to 40 kPa can be achieved
[344, 81]. In a more recent work, PA gels with E values even as high as 400-600
kPa were reported [343]. In order to allow cell adhesion, PA gels need to be coated
with an adhesive ECM protein. In this work, ﬁbronectin was covalently attached
to the surface of PA gels via a sulfo-SANPAH crosslinker as described in a protocol
established previously [344]. In order to generate cell micropatterns on the surface
of mechanically compliant PA hydrogels a novel procedure based on micro-contact
printing was developed as summarized in Fig. 10.1. The process invovles prepa-
ration of PA hydrogels with E values of 2 kPa and 40 kPa respectively covalently
linked to a thin glass substrate according to procedure described previously [344].
The PA gels were dried after being coated with sulfo-SANPAH crosslinker that
contains an amine-reactive N-hydroxysuccinimide (NHS) ester and a photoacti-
vatable nitrophenyl azide to covalently link proteins to the PA gels. The dry PA
gels is subsequently used as substrate for microcontact printing resulting in ﬁ-
bronectin micropatterns covalently attached to the PA gels via the sulfo-SANPAH
crosslinker. To dry the PA gel is required for micro-contact printing. Hydrated
PA gels were found to be not compatible with the micro-contact printing process
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(data not shown). In order to generate cell micropatterns, the PA gel surface sur-
rounding the generated protein micropattern needs to be passivated in order to
constrain cell spreading to the protein micro-islands. PA gels are non-adhesive for
cells, however treatment with sulfo-SANPAH crosslinker was found to allow cell
adhesion potentially directly or indirectly through binding serum proteins (data
not shown). BSA is known to prevent cell adhesion to a limited extent and was
used in the early cell micropattern system as passivation material. Addition of a
BSA solution after micro-contact printing of ﬁbronectin on the PA gel substrate
was found to conﬁne cells to the protein micropatterns (data not shown). However,
after 24 hours the BSA passivation failed and cells were found to grow over the
the entire PA gel substrate indicating a poor stability of BSA passivation under
cell culture conditions. The stability of cell micropatterns was increased to more
than 7 days by using Polylysine grafted Polyethyleneglycol (PLL-g-PEG), which
is covalently linked to the PA gel surface by binding the crosslinker via its amine
groups of PLL and prevents cell adhesion via its non-adhesive PEG polymer brush.
226
Figure 10.1: Procedure to produce Polyarcylamide based cell micropatterns. 1. Polyacry-
lamide (PA) gel was produced on thin glas coverslip functionalized with aminosi-
lane and glutharaldehye according to previoulsy decsribed procedure. PA gel was
then coated with sulfo-SANPAH crosslinker covalently binding to PA upon ex-
posure with UV light. 2. PDMS stamps, produced as described previously, were
coated with ﬁbronectin solution and subsequently stamped on dried PA gel coated
with sulfo-SANPAH which covalently binds ﬁbronectin to the PA substrate. 3.
After rehydration, PLL-g-PEG is added, which covalently binds to the unbound
sulfo-SANPAH around the ﬁbronectin micropatterns resulting into eﬃcient pas-
sivation of the surrounding non-stamped region on the PA surface. Subsequent
cell seeding results in deﬁned cell micropatterns similar to previously desribed 2D
cell micropattern system based on polystyrene substrate.
Seeding of hMSCs results in deﬁned cell geometries across the whole cell micropat-
tern array (Fig. 10.2). Even after 7 days incubation in growth medium only very
limited cell outgrowth was detected (Fig. 10.2). Therefore, the large number
of single cells in deﬁned geometries per cell micropattern array together with the
long-term stability of more than 7 days under cell culture conditions allow to study
the eﬀect of cell geometry and matrix stiﬀness on hMSCs diﬀerentiation with high
statistical signiﬁcance.
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Figure 10.2: Representative ﬂuorescence microscopy image of hMSC incubated for 24 hours
on ﬁbronectin micropatterns in diﬀerent shapes (triangle, square, circle) with
1350 µm2 surface area printed on 40 kPa polyacrylamide hydrogels after 7 days
incubation in growth medium and subsequent staining for F-actin.
In order to unravel to connection between cell geometry and substrate stiﬀness and
topography, triangular and circular shaped cell PA micropatterns both with an
underlining surface area of 1350 µm2 were generated (Fig. 10.3). Both geometries
were demonstrated to show very clear diﬀerences in cytoskeletal architecture and
contractility as described in the previous chapter.
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Figure 10.3: Representative brightﬁeld images of hMSC incubated for 24 hours on ﬁbronectin
micropatterns in diﬀerent shapes (triangle, square, circle) with 1350 µm2 surface
area printed on 40k Pa polyacrylamide hydrogels.
In order to investigate the eﬀect of substrate stiﬀness on cell architecture inde-
pendent of cell adhesion and geometry, F-actin and myosin IIa intensity and ﬁbre
formation was analysed in triangular and circular shaped single hMSCs micropat-
terns on PA gel substrates with an elastic modulus of either 2 kPa or 40 kPa by
immunoﬂuorescence microscopy (Fig. 10.4). F-actin and myosin IIa intensity was
found to be higher in triangular compared to round cells, which is in line with the
results from cell micropatterns on polystyrene substrate described in the previous
chapter. Interestingly, both 2 kPa or 40 kPa PA gel substrates showed a similar
results for both geometries suggesting that the underlining substrate stiﬀness does
not aﬀect cell architecture and contractility as assessed by F-actin and myosin IIa
ﬂuorescence analysis.
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Figure 10.4: Representative ﬂuorescence microscopy image of hMSC incubated for 24 hours
on ﬁbronectin micropatterns in diﬀerent shapes (triangle, circle) with 1350 µm2
surface area printed on either 2 kPa or 40 kPa polyacrylamide hydrogels followed
by DAPI (blue), F-actin (red) and myosin IIa (green) staining.
On the other hand, ﬁbronectin coated 2 kPa or 40 kPa PA gels, which allow un-
constrained cell adhesion and spreading show drastic diﬀerences in cell cytoskele-
ton and contractility according to ﬂuorescence microscopy analysis of F-actin and
myosin IIa stained hMSCs (Fig. 10.5), which is in line with previous observations
[81, 343]. This indicates that substrate stiﬀness induces changes in cytoskeletal
arrangement and contractility indirectly via changes in cell adhesion and shape.
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Figure 10.5: Representative brightﬁeld images and ﬂuorescence microscopy images of non-
patterned hMSCs on either 2 kPa or 40 kPa polyacrylamide hydrogels coated
with ﬁbronectin after 24 hours incubation in growth medium followed by DAPI
(blue), F-actin (red) and myosin IIa (green) staining.
In order to analyse this more quantitatively, ﬂuorescence intensity heatmaps of
F-actin and myosin IIa stained hMSCs micropatterns on 2 kPa or 40 kPa PA gels
were generated (Fig. 10.6). In line with the previous observations, triangular
shaped hMSCs show a clearly higher intensity of both F-actin and myosin IIa
indicated an elevated cell contractility in these shapes. Again there are no visible
diﬀerences in both F-actin and myosin IIa intensity between 2 kPa or 40 kPa PA
gels for both cell micropattern geometries supporting the previous observation that
cytoskeletal formation and cell contractility is only induced by cell geometry but
not directly by substrate stiﬀness.
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Figure 10.6: Fluorescence intensity heatmaps of F-actin and myosin IIa stained single hMSC
incubated for 24 hours on ﬁbronectin micropatterns in diﬀerent shapes (triangle,
circle) with 1350 µm2 surface area printed on 2 kPa or 40 kPa polyacrylamide
hydrogels. Brighter colour indicates higher intensity. 30 single hMSCs for each
condition (n = 30) were used to generate the heatmap.
To further conﬁrm the previous observation that cell shape and architecture but
not the underlining substrate stiﬀness and topograpy induce changes in cell con-
tractility, the myosin IIa phosphorylation level in triangular and circular shaped
micropatterned hMSCs on 2 kPa and 40 kPa PA gels was analysed by apply-
ing the In-Cell Western (ICW) technique as described in the previous chapter.
The infrared intensity of whole cell arrays comprising 950 cell micro-islands per
well/sample in micropatterned cells co-immunolabelled for phosphorylated Myosin
light chain (MCL) and pan MCL 24 hours post-seeding was measured as shown in
Fig 10.7. The ratio of intensities of phosphorylated MCL over pan MCL is used
as an indication of the phosphorylation level level and therefore the contractility
state of the micropatterned cells. The results show a clear increase in MCL phos-
phorylation level in triangular cell micropattern geometries compared to circular
shaped cell micropatterns indicating a higher contractility state, which in is in line
with the previous observations. No change in phosphorylation level between cell
micropatterns on 2 kPa compared to 40 kPa PA gels was observed again indicating
that cell contractility is not aﬀected by PA substrate stiﬀness alone. However, this
experiment was not repeated. In order to analyse if the observed changes are sig-
niﬁcant this experiment needs to be repeated. Furthermore, the speciﬁcity of the
phosphorylated Myosin light chain (MCL) and pan MCL antibodies would need
to be validated by performing a Western blot of cell lysates.
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Figure 10.7: ICW quantiﬁcation of phosphorylated MCL over pan MCL as an indication of
MCL phosphorylation level in hMSCs micropatterns on 2 kPa or 40 kPa sub-
strates. Values are means ± S.D from one independet experiment.
As a next step, hMSCs adipogenic or osteogenic lineage commitment was analysed
by measuring the relative expression of early osteogenic and adipogenic commit-
ment markers, transcription factors PPARg and RunX2, respectively, by ICW as
described in the previous chapter. Measuring the total protein concentration by
ICW resulted in a signiﬁcantly increased ratio in intensity of RunX2 over PPARg
in triangular shaped hMSCs micropatterns compared to round cells after 7 days
in mixed diﬀerentiation medium indicating a preferred osteogenic fate (Fig. 10.8
left panel). Interestingly, no clear changes between cell micropatterns on 2 kPa
compared to 40 kPa PA gels were observed. Whereas hMSCs incubated for 7 days
in mixed diﬀerentiation medium on non-patterned PA gels coated with ﬁbronectin
show a signiﬁcantly higher ratio of RunX2 over PPARg in 40 kPa compared to 2
kPa PA gels according to ICW quantiﬁcation, which is in line with previous reports
(Fig. 10.8 right panel). Similar to cell architecture and contractility, this suggest
that the eﬀect of substrate stiﬀness in form of topography on cell diﬀerentiation
is therefore most likely mediated through changes in cell shape and spreading and
therefore an indirect eﬀect. However, this experiment was not repeated. In order
to analyse if the observed changes are signiﬁcant this experiment needs to be re-
peated. Additionally, it would also be required to perform a Western blot analysis
of hMSCs cell lysates in order to validate the speciﬁcity of the PPARg and RunX2
antibodies as well as analyse each transcription factor separately by normalising
over GAPDH or DNA.
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Figure 10.8: ICW quantiﬁcation of PPARγ and RunX2 signal intensity of micropatterned hM-
SCs on 2 kPa or 40 kPa PA gels incubated in mixed diﬀerentiation medium for
7 days (left panel). ICW quantiﬁcation of PPARγ and RunX2 signal intensity
of hMSCs on 2 kPa or 40 kPa PA gels coated with ﬁbronectin and incubated in
mixed diﬀerentiation medium for 7 days (right panel). Values are means ± S.D
from one independent experiment.
As PPARg and RunX2 are both markers for early stage lineage commitment of
hMSCs, alkaline phosphatase activity and lipid vesicles (oil red intensity) as an
indicators of later stage osteogenic and adipogenic diﬀerentiation were measured
as described in the previous chapters. Triangular and circular shaped micropat-
terned hMSCs on 2 kPa and 40 kPa PA gels were incubated in mixed diﬀerentiation
medium and subsequently stained for alkaline phosphatase and oil red (Fig 10.9).
Subsequent quantitative analysis showed preferential osteogenic lineage commit-
ment in triangular shaped hMSCs micropatterns compared to circular shaped cells.
No clear changes between cell micropatterns on 2 kPa compared to 40 kPa PA gels
were observed. Therefore, these results are in line with the previous indications of
hMSCs lineage commitment based on PPARg and RunX2 expression suggesting
that cell geometry but not necessary cell stiﬀness or topography induce changes
in hMSCs diﬀerentiation. However, this experiment was not repeated. In order
to analyse if the observed changes are signiﬁcant this experiment needs to be re-
peated.
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Figure 10.9: Quantiﬁcation of lipid droplets (Oil red) and alkaline phosphatase signal as marker
for adipogenesis or osteogenesis of micropatterned hMSCs on 2 kPa or 40 kPa PA
gels incubated in mixed diﬀerentiation medium for 7 days. Quantiﬁcation is based
on microscopical analysis and a colour deconvolution algorithm. Results represent
50 single cells per condition (n = 50) from one independent experiment. As this
is a binary analysis and only one independent experiment was performed no error
bars are displayed.
10.3 Conclusion
A novel in vitro system that combines the cell micropatterns with an established
model system to study the eﬀect of substrate stiﬀness or topography based on
polyacrylamide hydrogels was developed. It was shown that this system allows to
produce deﬁned cell micropattern geometries stable for more than 7 days under
cell culture conditions oﬀering the possibility for long-term diﬀerentiation stud-
ies. By using this system, circular and triangular shaped hMSCs pattern on a
2 kPa or 40 kPa PA substrate were produced. Based on previous results from
cell micropattern experiments based on polystyrene, PDMS or glass substrates,
it was shown that triangular shaped hMSCs have increased F-actin and myosin
IIa ﬁbre formation and MCL phosphorylation level as an indication for cell con-
tractility compared to round cells. On the other hand, increased matrix elasticity
of the underlining substrate was also reported to increase cell contractility and
cytoskeleton formation. Being able to uncouple these eﬀects by our system that
allows to control substrate stiﬀness and topography while maintaining a deﬁned
cell geometry, allowed to conclude that cell contractility and cytoskeletal forma-
tion is drastically changed in diﬀerent cell geometries but not directly aﬀected by
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the underlining substrate stiﬀness and topography. While 2 kPa and 40 kPa PA
gels showed no diﬀerence in cytoskeletal formation and contractility state in mi-
cropatterned cells, triangular shaped cell micropattern geometries were found to
result in clearly higher cell contractility and cytoskeleton compared to round cells.
Both cell geometry and substrate stiﬀness in form of topography were reported
to direct hMSC lineage commitment and mediated by cell contractility. Based
on our previous ﬁndings suggesting that cell geometry but not substrate stiﬀness
or topography alone induce changes in cell contractility, it was hypothesized that
this might also be true for hMSCs lineage commitment. Indeed, preliminary ex-
periments indicate that hMSCs diﬀerentiation into either adipogenic or osteogenic
lineages was not signiﬁcantly aﬀected by the underlining PA substrate stiﬀness.
On the other hand, diﬀerently shaped cells such as circular or triangular hMSC
micropatterns showed drastic diﬀerences in cell lineage commitment in line with
the results reported in previous chapters. These observations open up the pos-
sibility that cell shape mediates changes in cell diﬀerentation caused by diﬀerent
substrate stiﬀnesses. Consequently, the topography and the stiﬀness of the sub-
strate are only directly aﬀecting cell behaviour via changes in cell shape. However,
further investigations are needed in order to repeat and validate the preliminary
experiments and
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11 3D Cellular Arrays: Cell
Microwells
11.1 Introduction
3D environment compared to a 2D cell culture system provides another dimension
for external mechanical inputs and for cell adhesion [118, 26, 62]. Therefore, several
approaches for new in vitro systems that capture more complex 3D tissue physi-
ology have been developed such as synthetic hydrogels and ﬁbrous collagen-based
matrices [118]. However, these systems cannot be used to control many important
parameters such as cellular shape, cell-cell and cell-matrix contacts and may have
altered local mechanical properties [237]. Microwells provide a novel approach for
3D cell culture which can be more directly compared with 2D surfaces since in
both cases cells are in contact with planar surfaces coated with adhesive ligands
[315]. Innovative approaches to trap single cells in microwells have been developed
and optimized for a high rate of well occupancy for the generation of population
statistics derived from individual cell measurements that can be used for screening
applications [270, 238, 269, 118]. Microwells were generated based on a variety
of materials such as glass, silicon or hydrogels such as polyacrylamide or agarose
and patterned with cells either dragging the material across the surface to force
the cells into the wells or by gravitational sedimentation or selective deposition of
proteins [56]. The latter technique initially developed by Whitesides and co-wokers
is based on a similar principle as 2D cell micropatterns and allows a more tighter
control of cell microwells. The technique selectively coats only the inside of the
microwells with cell adhesive proteins within PDMS microwells that only allow
cell adhesion within the wells but not the surrounding material. It was shown
that this micropattern platform can be used even for sensitive primary cells and is
compatible with high resolution microscopy [76, 56] . More recently, this approach
was reﬁned by passivating the surrounding surface around the microwells with non-
adhesive polymers rather than bovine serum albumin, which was reported to allow
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a more tighter control of cell microwells and which allows long-term cell studies
such as cell diﬀerentiation experiments [237, 285]. The aim in this chapter was to
develop a cellular micro-well system based on PDMS, which comprises diﬀerent
microwells shapes that allows to study the eﬀect of cell shape on cell contractility
and cytoskeletal arrangment as described in the previous chapters. This allows
to investigate the eﬀect of a more 3D-like environment on cell shape-dependent
cytoskeleton and contractility formation compared to the previously studied 2D
cell micropattern system. . Furthermore, a gelatin based system that oﬀers many
interesting properties as model system or even novel tissue scaﬀold approach in-
cluding replication of microstructures in high resolution, control over a broad range
of stiﬀness as well as biodegradability was explored.
11.2 Results and Discussion
11.2.1 PDMS based Micro-well System
The three dimensional cell micro-well system was adapted based on a technique
published previously [237, 285]. The process starts by producing microwells by
replica casting PDMS over a master, which comprises a deﬁned microstructure,
the inverse pattern required for PDMS stamps generation for 2D cell micropattern
as described in the previous section After curing, the PDMS block comprising the
negative pattern in form of microwells is peeled oﬀ. It is important to note, that
proper control of cell shape is only achieved if the volume of the cell exactly ﬁts
the volume of the micro-wells, which is only the case for a fraction of cells due
to their broad volume distribution in a given cell culture [76]. Therefore micro-
wells in diﬀerent sizes such as 350,550,750,950,1150 and 1350 µm2 total ﬂoor area
and 10 µm2 wall height for all shapes were tested. The underlining concept of
the system is based on selective protein deposition within the microwells but not
the surrounding plateau. This is a achieved by overall protein coating of the
PDMS replication followed by selective removal of protein on the plateau by a
process called inverse microcontact printing, which subtracts coated protein from
the PDMS replication when placed in conformational contact with a ﬂat substrate
that favours transfer to a more favorable substrate upon conformational contact.
In order to produce a substrate with more favorable protein adhesion properties
than the PDMS surface, a glass surface was functionalized with aminosilane linked
to glutaraldehyd, which then forms a covalent link between the substrate and the
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protein upon microcontact printing to remove proteins coated on the plateau of
PDMS replication.
Figure 11.1: Schematic illustration of the process to produce cell micro-wells. 1. PDMS repli-
cates comprising microwells in a desired shape were produced by replica casting
polydimethylsiloxane (PDMS) against a silicon master made by photolithogra-
phy. After curing of the casted PDMS prepolymer mix, solidiﬁed PDMS stamps
bearing the negative pattern of the master were peeled oﬀ. 2. Glass substrate for
inverse microcontact printing is immersed into an aminosilane solution for 4h im-
mediately followed by treatment with a glutaraldehyde solution that binds to the
free aminogroup and forms bond to the ink protein upon microcontact printing
resulting into a more eﬃcient protein transfer. 3. In order to produce a protein
coated micro-wells, PDMS replication is coated with a proteins solution and sub-
sequently stamped on top of the functionalized glass surface according to normal
micro-contact printing technique which results in removal of the coated protein on
the plateau but not within the wells of the protein coated PDMS replication. 4.
In order to generate cell micro-wells, selectively protein coated PDMS replication
treated with UV/Ozone and immediately afterwards immersed in an aquatous
pluronic solution for 2 hours. pluronic adheres selectively on the plateau but not
within the micro-wells generating a non-cell adhesive layer and therefore ensures
that seeded cells selectively adhere and spread only within the protein micro-wells
resulting into cell assuming the underlining shape of the well.
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Using FITC labelled collagen I to coat the PDMS microwells allowed the mon-
itoring of the selective removal of the protein by inverse microcontact printing.
Functionalized glass surfaces were analysed by ﬂuorescence microscopy after mi-
crocontact printing in order to monitor the FITC-collagen-I transfer from the
plateau of the PDMS replication to the functionalized glass surface (Fig. 11.2).
The stamped functionalized substrate shows a distinct pattern of the ﬂuorescently
labelled protein showing clearly higher signal intensities around triangular shaped
microwells and therefore indicating that protein coated on the surface of the PDMS
replication was selectively removed on the plateau but not within the microwells
by the inverse microcontact printing process.
Figure 11.2: Fluorescently labelled protein pattern on functionalized glass substrate after in-
verse microcontact printing. PDMS replication was coated with FITC-collagen I
protein and subsequently stamped on top of a functionalized glass surface. Af-
ter removal of the PDMS replication, the stamped protein pattern on the glass
substrate was subsequently analysed by ﬂuorescence microscopy using 10x mag-
niﬁcation. Scale bar = 100μm.
The plateau of the PDMS replication where the protein coating was subtracted by
inverse microcontact printing needs to be backﬁlled with a non-adhesive layer in
order avoid cell adhesion as PDMS itself and the plateau after inverse microcon-
tact printing both allow cells to adhere (data not shown). As it was reported by
previous publication, the plateau of PDMS replication can be passivated by incu-
bation in a aqueous pluronic F127 solution after the inverse microcontact printing
procedure prior to cell seeding [237]. However, subsequent immersion in pluronic
F127 solution of PDMS replications after inverse microcontact printing prior to
cell seeding did not prevent cell adhesion on the plateau resulting in cell adhesion
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throughout the micropatterned surface (data not shown). Absorption of pluronic
F127 and subsequent prevention of cell adhesion has previously been reported to
be dependent on the substrate wettability. It was shown that PDMS requires
pre-treatment with UV/Ozone in order to eﬃciently absorb pluronic and prevent
cell adhesion [333]. Therefore several diﬀerent conditions for PDMS surface treat-
ment prior to incubation with pluronic solution as well as diﬀerent substrates for
inverse microcontact printing were tested as the process itself also aﬀects the sur-
face properties and therefore absorption of pluronic. After inverse microcontact
printing procedure, the PDMS microwells were left dry at 4ºC for 24 hour to allow
recovery of the PDMS surface. This was then followed by short exposure with
UV/Ozone for 3 minutes and immediately afterwards incubation with pluronic
solution for 2 hours. After a washing step followed by 30 min incubation in an-
tibiotics, the PDMS microwells were used for cell culture. Cell seeding resulted
in selective cell adhesion within microwells and therefore in deﬁned cell microw-
ells and minimal spread cells on the plateau. Among all diﬀerent micro-well sizes
tested, we found that well with a ﬂoor area 750 µm2 resulted in a high number of
cells within the wells, cell spreading through the whole well space as well as high
number in single cells per well. Figure 11.3 shows representative images obtained
by microscopical analysis of hMSC microwells in triangular, square and circular
shapes produced according to the described procedure. 2 hours post seeding, cells
within the microwells spread and adapted the underlining shape of the well while
cells on the plateau were still round and unspread (Fig. 11.3a). After exchange of
the medium and a subsequent washing step with PBS resulted in almost exclusively
only cells that adhered and spread within the microwells remained as shown with
a DAPI-brightﬁeld overlap image (Fig. 11.3b). It is of note that, even by seeding
cells in high density and shaking the plate to ensure homogenious distribution of
the cell suspension over the PDMS microwell substrate, cells attachement on the
microwells was not uniform. A possible explanation for that could be that not
all microwells allow cells to adhere possibly because of insuﬃcient protein coating
or air bubbles trapped in the wells. Furthermore, the morphology of cells within
the micro-wells was analysed by high resolution confocal microscopy (Fig. 11.3c)
of F-actin stained cells within the cell micro-wells 24 hours post-seeding. Cells
completely ﬁlled the whole micro-well and adopted a very distinct morphology de-
pendent on the underlining shape of the micro-well. Cells in circular shaped wells
showed a clearly lower intensity compared to cells within square and especially
triangular shaped wells. Speciﬁcally, in square and triangular well geometries,
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cells showed pronounced ﬁbre formation indicating a higher cell contractility and
therefore a similar trend compared to the two dimensional micropattern system
described in the previous section.
Figure 11.3: Cell micro-wells produced by an optimized procedure. a) PDMS microwells with
selective collagen I coating within the wells and non-adhesive layer of pluronic
F127 on the plateau of the microstructure after 2 hours post cell seeding. b)
Brightﬁeld/DAPI overlap of ﬁxed cells after washing step and medium exchange
24 hours post seeding. c) High resolution ﬂuorescence microscopy images of single
cell micro-wells with a ﬂoor area of 750 µm2 ﬁxed and stained for F-actin 24 hours
post seeding. Scale bar = 50μm.
To further study diﬀerences in cell morphology and contractility dependent on the
underlining micro-well geometry more quantitatively, new system to generate ﬂu-
orescence intensity heatmaps based on confocal stack imaging of cell micro-wells
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stained against F-actin was developed. Literature indicates that this is the ﬁrst
demonstration of a so called-3D ﬂuorescence intensity heatmap. By using a 63x
objective, confocal stacks of microwells from the bottom to the top with constant
stack size and number of slices were obtained at the same day for diﬀerent micro-
well geometries. In order to allow quantitative comparison of signal intensities
between diﬀerent conditions, it was ensured that all microscopy parameters in-
cluding, laser intensity, gain, oﬀset, pinhole, PMT positions were kept constant.
In order to avoid sample variations caused by the staining procedure, all condi-
tions were stained with the same staining solution at the same time. For each
cell micro-well geometry a stack comprising 30 slices each for 10 single cells was
imaged. Each slice was then averaged computationally with the slices of the same
height form other cells resulting in an ﬂuorescence intensity average for each slice.
The averaged slices were then translated into a hyperstack resulting into a confocal
stack of ﬂuorescence intensity heatmaps of each slice. A projection in z-direction
by average intensity resulted in a 3D ﬂuorescence intensity heatmap comprising not
only intensity dependent spatial but also lateral information across the whole cell
population (Fig. 11.4). Comparison between 3D ﬂuorescence intensity heatmap
of diﬀerent cell micro-well geometry reveals clear diﬀerences in the cellular F-actin
network and stress ﬁbres based on the underlining geometry. These results indi-
cate similar cell geometry-dependent diﬀerences in cell contractility to what has
been observed in the two dimensional system in the previous chapter. Microwells
with a triangular ﬂoor area show a higher overall intensity around and especially
the perimeter and the edges of the shape indicating formation of large stress ﬁbres.
Cells in square shaped micro-wells show lower intensities but still slightly higher
than circular shaped cells. This indicates that in a more three dimensional envi-
ronment represented by cell microwells, cell contractility appears to be dependent
on the underlining cell geometry and follows the same trend as observed in the
two dimensional micropattern system.
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Figure 11.4: 3D ﬂuorescence intensity heatmaps of F-actin stained cells within micro-wells.
Each image show a hyperstack of ﬂuorescence intensity heatmap slices projected
in z-direction by average intensity. Slices were obtained by imaging whole cell
micro-wells of diﬀerent shapes stained for F-actin with high resolution confocal
microscopy by keeping the stack high, number of slices constant as well as any
other parameter constant. The ﬂoor area of the microwells is 750 µm2 with 10
µm2 wall area for all shapes.
11.2.2 Gelatin based Micro-well System with Tunable
Stiﬀness
Physiological matrix elasticities range form 1 kPa in very soft tissues such a brain
to 10 kPa in muscle tissues and 100 kPa in collagenous bone [81]. So far the only
material which allows one to replicate stiﬀness values in that range are hydrogels.
Several innovative hydrogel based platforms that allow one to tailor deﬁned stiﬀ-
nesses in the physiological range were developed in order to study the eﬀect of
matrix elasticity on cells in vitro. Cell adhesion ligand coated polyacrylamide gels
that allow to modify the stiﬀness by diﬀerent concentration of the bis-acrylamide
cross-linker, is probably by far the most commonly used platform [248]. Also re-
ported were systems based on collagen I or hyaluronan and ﬁbronectin hydrogels
[247, 108]. In order to develop a system that allows to generate cell microwells
as well as deﬁned stiﬀness in the physiological range several hydrogels were tested
based on their compatibility with microfabrication techniques summarized in 11.1.
Polyarcylamide as an underlining substrate with tunable stiﬀness would be ideally
suited as it has been extensively used to study the eﬀect of matrix elasticity and
the possibility to covalently coat the polyacrylamide surface with a cell adhesive
protein by using a crosslinker would theoretically open the possibility to generate
substrates with selective cell adhesion similar to the 3D micro-well system based
on PDMS. However, it was found that polyacrylamide as a material only poorly
replicates the micro structure of the underlining master, particular in lower stiﬀ-
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ness ranges. Several procedures to optimize the process such as delay of the in
situ radical induced polymerisation, replication under vacuum, change of surface
properties of master by e.g. plasma treatment prior to replication procedure as
well as diﬀerent set-ups were tested which resulted in minor improvements but
still not suﬃcient to tightly control cell shape (see appendix). Agarose hydrogel
is biocompatible and has previously been reported to be a potential material for
cartilage regeneration with elasticity in the physiological range [97]. Interestingly,
it has also been reported to be used as a stamp for micro-contact printing of pro-
tein gradients [215] hence it replicates a given microstructure eﬀectively and has
been previously been used for a cell biochip system [160]. Agarose gels in diﬀerent
stiﬀness were prepared by mixing diﬀerent amount of agarose powder with deion-
ized water, dispersion and gelation was accomplished by heating the solutions in
glass bottles for 3 h in a boiling water bath. It was found that agarose replicates
the microstructure of an underlining PDMS master eﬀectively with very high res-
olution with the need of prior surface treatments of the master. Also the stiﬀness
values were able to be adapted to a broad physiological range. However, agarose
was found to be non-adhesive for cells and protein coatings were not stable for
more than 24 hours (data not shown). Given the lack of functional groups within
the gels that would allow to covalently link proteins to the gel, this system is not
suited for a cell micro-well applications with adherent cells. The stiﬀness of PDMS
can be varied by changing the amount of crosslinker, which has previously been
used as a system to study the eﬀect of substrate stiﬀness on embryonic stem cells
and vascular smooth muscle cells [86, 83, 39]. Although a tool that resulted in
valuable insights, the lowest amount of crosslinker allowing correct handling of the
material and replication of the microstructure from the underlining master is in the
range of collagenous bone [78], hence it is not possible to replicate the full range
of physiological tissue stiﬀness with this material. By combination of PDMS with
a silicon ﬂuid this range was extended to very soft elastic moduli in the range of
brain tissues up to the stiﬀness of fully cured PDMS in the MPa range. However,
the material was cytotoxic for extended culture periods, most probably caused by
leakage of unbound chains into the cell culture medium (data not shown).
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Table 11.1: Summary of diﬀerent materials tested as cell micro-well system with tunable stiﬀ-
ness.
Another very simple hydrogel that allows tunable stiﬀness analogous to agarose
by changing the material/water ratio and that can be gelated solely by heat treat-
ment, is gelatin. Gelatin hydrogel is composed of denatured collagen and hence
consists of several functional groups that allows one to covalently link it with other
molecules on the surface in order to generate only selective cell adhesion needed
to produce cell micro-wells. Gelatin has to be chemically modiﬁed by a cross
linking agent in order to control or prevent its degradation under cell culture con-
ditions [328]. Gelatin crosslinked with glutaraldehyde has been extensively used
as biocompatible bioadhesive in surgical applications, particularly in acute aortic
dissection surgery [234]. Gelatin itself when cured over a PDMS master replicated
the microstructure eﬃciently resulting in micro-wells with the desired underlin-
ing geometry in high resolution even in very low weight per volume percentages of
gelatin. Crosslinking by glutaraldehyde followed by subsequent quenching resulted
into long-term stability of gelatin under cell culture conditions while not showing
any cytotoxic eﬀects based on observations of cell morphologies during a 2 weeks
period. The process is outlined in Fig. 11.5.
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Figure 11.5: Schematic illustration of the process to produce cell micro-wells based on gelatin.
1. Gelatin replicates comprising microwells in a desired shape were produced by
replica casting liquid gelatin against a PDMS master comprising a negative of
the desired microstructure. After curing of the casted gelatin overnight at 4ºC,
the solidifed gelatin replication bearing the negative pattern of the master was
peeled oﬀ. 2. The gelatin replication was subsequently cross-linked by treatment
with a glutaraldehyde solution that crosslinks free aminogroups of the denatured
collagen in the gelatin. 3. As glutaraldehyde is cytotoxic even in low concen-
trations, potentially unreacted glutaradehyde molecules within the cross-linked
gelatin replication were quenched by incubation in a glycine solution in addition
to several washing steps 4. In order to generate cell micro-wells, the the quenched
and cross-linked gelatin replication was incubated in medium for several days un-
der cell culture conditions after it was extensively washed in order to ensure that
all glycine is fully removed even in the bulk of the gel and the material is equili-
brated to the culture conditions prior to cell seeding. Afterwards cells were seeded
in form of a cell suspension on top of the gelatin replication. Multiple rising with
a micropipette after 1, 5, 10 and 15 minutes resulted in almost exclusively only
cells within the micro-wells.
hMSCs seeded on top of prepared gelatin microwells according to the procedure
outlined above result in mostly cells within microwells, which stay adhered even
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after several washing and medium replacement steps (Fig.11.6a). The micro-well
system did not show any signs of degradation and cells remained viable, based on
microscopical analysis of cell morphology, for incubation times longer than 2 weeks
(Fig.11.6b). Furthermore, as embryonic stem cells (ESCs), which are commonly
regarded as cell diﬃcult to culture, are preferably cultured on a gelatin coating,
we tested the gelatin micro-well system on mouse ESCs as wells. mESCs seeded
on top of the gelatin micro-well system resulted into almost exclusively adhered
cells within the micro-wells and also remained viable for extended culture periods
(Fig.11.6c).
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Figure 11.6: Images of cells within gelatin micro-wells. a) Square shaped gelatin micro-wells
(12.5%, w/v) were fabricated, seeded with hMSCs and imaged 2 hours post seed-
ing after medium exchange and washing step. b) hMSCs within round shaped
gelatin micro-wells (12.5%, w/v) incubated for more than 2 weeks. c) mESCs
seeded in triangular shaped gelatin micro-wells (12.5%, w/v) and imaged 2 hours
post seeding after medium exchanche and washing step.
By variation of the weight per volume of gelatin powder but not the cross link-
ing agent, stiﬀness values ranging from as low as 5 kPa up to as high as as more
than 400 kPa were measured based on compression tests (Fig. 11.7). Based on
these measurements, this procedure enables one to produce stiﬀness values starting
from in the range of neuronal tissue up towards the stiﬀness region of demineral-
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ized bone, which has not yet been achieved with any other material to our best
knowledge. Therefore, the newly developed platform based on gelatin microwells
has the potential to be a very versatile tool with extraordinary properties that
could ﬁnd application in a broad range of basic cell culture studies in order to
unravel the relationship of cell shape, spreading as well as substrate stiﬀness.
Figure 11.7: Stiﬀness measurement of gelatin with diﬀerent weight per volume ratios based on
compression tests.
11.3 Conclusion
An in vitro system that allows one to study the eﬀect of cell shape in a more 3D en-
vironment by using a selectively coated PDMS based micro-well substrate was ap-
plied. By developing a novel technique to generate three dimensional ﬂuorescence
intensity heatmaps, the eﬀects of cell micro-well geometry on cell contractility and
stress ﬁbre formation and report a similar cell geometry-dependent eﬀect as al-
ready observed in a 2D cell micropattern system described in the previous chapter
was analysed. This indicates that a more 3D like cell environment might under-
lies a similar cell geometry dependence as observed with 2D cell micropatterns.
More detailed experiments to investigate the eﬀect of cell micro-well geometries
are needed and will help to strengthen the physiological relevance of previous ob-
servations using cell micropatterns. Furthermore, a new platform based on gelatin
microwells was developed, which was found to be compatible with long-term exper-
iments such as diﬀerentiation studies as well as diﬀerent cell types including ESCs,
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allowed to replicate small micro-structures with very high resolution and showed
tailorable stiﬀness range that covers the whole spectra of elastic moduli measured
for diﬀerent tissues from brain until demineralized bone. This gelatin micro-well
system was proposed to be a very versatile tool with extraordinary properties that
could ﬁnd application in a broad range of basic cell culture studies in order to
unravel the relationship of cell shape, spreading as well as substrate stiﬀness. The
possibility of this system to mimic drastically diﬀerent conditions of the cellular
mechano-microenviroment together with its tailorable degradablility and clinically
proven biocompatibility it could likely also ﬁnd application beyond basic research
studies in particular as a potential next generation of tissue engineering scaﬀold
based on a cell sheet layer-by-layer principle.
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12 Conclusion and Future
Outlook
12.1 Conclusion
Cells in the human body show drastic diﬀerences in shape and morphology depend-
ing on the tissue in which they are embedded. Interestingly, pathological tissue is
usually also accompanied by a clear change in cell architecture. These diﬀerences
in cell architecture are caused by the extracellular matrix surrounding the cells,
which imposes boundary conditions that limit cell volume and cell spreading phys-
ically and chemically by controlling cell adhesion sites. The question if changes
in cell architecture plays a regulatory role in physiology and disease is still mostly
unexplored. To investigate a possible regulatory role of cell architecture and shape
is of fundamental importance to understand how the cellular microenvironment af-
fects cell behaviour. Beyond its importance from a basic research perspective, this
will help to improve targeted therapies, drug discovery tools and scaﬀolds for tis-
sue engineering applications. But cell architecture has to be controlled in order to
study its regulatory role in cell physiology. So far no in vivo model enables speciﬁc
changes in cell architecture. As will be discussed in the next section, the current
state of the art to change cells within an in vivo system is unable to tightly control
subtle changes in cell architecture, and attempts to change the cellular architecture
usually causes mortality or other major side eﬀects [14, 208].
However, the maturation of microengineering techniques has enabled the produc-
tion of micropatterned cell monolayers, which provide exquisite control over the cell
architecture of individual cells, thereby enabling statistically relevant observations
over a large number of cells as a model system ex vivo. Initially pioneered by Chen
et al. more than a decade ago [50], several diﬀerent cell micropattern strategies
were developed and successfully applied to gain fundamental insights into the eﬀect
of cell architecture on cell physiology [50, 49, 142, 338, 334, 166, 255, 337, 217, 103].
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One of the main limitations of these diﬀerent micropattern techniques is the long-
term stability under cell culture conditions, which is generally limited to days on
a single cell resolution. However, many cell studies, such as cell diﬀerentiation ex-
periments, require longer incubation times over several weeks. Furthermore, apart
from their use in fundamental cell-surface investigations, miropatterns have found
major applications in both cell-based sensors and drug discovery that require low
failure rate, and stability under ﬂow and high serum conditions [89]. Few publica-
tions report longer stability of cell micrpatterns in the range of weeks, but are not
based on soft lithography and are more time consuming and diﬃcult to produce.
In Chapter 3, a cell micropattern system based on soft lithography to constrain
cell adhesion within microcontact printed protein microislands is reported which
shows extraordinary long-term stability under cell culture conditions of more than
3 weeks. To our knowledge, this is the longest cell culture stability reported for a
cell micropattern system at single cell resolution based on soft lithography. It is
believed that this system will be a valuable technique for cell micropattern studies
especially for biological groups where access to specialized clean room facilities still
represents a limiting factor. Additionally, this system might also ﬁnd application
in cell-based sensors and drug discovery systems that require long-term stability
under high serum conditions. As reported in Chapter 3, single human mesenchymal
micropatterns in triangular, square and circular shapes with identical underlining
surface area were generated and the changes in cell cytoskeleton and contractility
subsequently analysed with a range of diﬀerent analysis techniques, including an
In-Cell western technique never before applied on a cell micropattern system. A
clear cell geometry-dependent diﬀerence in actin cytoskeleton formation and cell
contractility was reported demonstrating that the cell micropattern system enables
the speciﬁc and eﬀective control of cell cytoskeletal arrangment and contractility
by changing the underlining micropattern shape. It was subsequently observed
that these reported cell micropattern geometry and size induced changes in cell
cytoskeleton and contractility have drastic eﬀects on hMSC lineage commitment,
while similar results were previously reported by other studies [166, 217]. It is
believed that this is an interesting ﬁnding for the design of new tissue engineering
scaﬀolds using mechanical and physical cues to direct stem cell diﬀerentiation. It
is however maybe even more interesting from a basic biological point of view as
it suggests a direct eﬀect of cell architecture on cell behaviour. This indication
is further supported by previous studies that reported a direct connection of cell
architecture and spreading in cell growth and death [50, 49].
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If cell architecture is able to change cell behaviour, which cellular mechanism links
and mediates changes in cell architecture to downstream eﬀects? Namely, how
does the physical information in the form of a speciﬁc cytoskeletal arrangement
translate into chemical and signalling information? In order to investigate that, the
connection between cell architecture and lipid raft formation was studied. Lipid
rafts were previously reported to be linked to the cell cytoskeleton as well as the
regulation of cytoskeleton regulatory protein, but have also received increasing
attention as global signalling hubs. In Chapter 5, quantitative TIRF microscopy
studies using several diﬀerent lipid raft markers have revealed for the ﬁrst time
a cell geometry-dependent lipid raft formation, including caveolae.. Furthermore,
a new technique was developed, which allows analysis of high resolution electron
micrographs of cellular cross-sections in situ based on FIB microscopy. Analysis
and quantiﬁcation of substrate facing cell membrane morphology revealed a cell
geometry-dependent change in plasma membrane curvature measured by tortuos-
ity, which this thesis introduces as a new cellular characteristic.
Disruption of lipid rafts by using chemical inhibitors was found to abolish cell
geometry-dependent diﬀerentiation of hMSCs in either adipocytes or osteoblasts
as measured by an assay based on alkaline phosphatase and lipid vesicle according
to previous publications [166]. One of the signalling pathways aﬀected by lipid
raft formation is the Akt pathway [180, 43, 104]. As described in Chapter 6,
Akt signal activation as assessed by Akt phosphorylation level and plasma mem-
brane recruitment was found for the ﬁrst time to be dependent on cell geometry
in micropatterned hMSCs. This process appears to be mediated by cell geometry
induced contractility and lipid raft formation and is at least partly responsible
for the previously observed cell shape-dependent osteogenic or adipogenic hMSC
lineage commitment. However, experiments including more control conditions and
further experiments besides immunoﬂuorescence analysis are required in order to
be able to draw conclusions regarding the relationship of cell shape and diﬀerenti-
ation. Additonally, in order to investigate a possible mediatory role of Akt in cell
shape dependent diﬀerentiation Akt knock-down experiments would be required.
Considering the involvement of Akt signalling in a wide variety of cell physiologi-
cal events, and in many challenging diseases such as type-2 diabetes and cancer, a
link connecting cell geometry and Akt signalling could have broader implications
and warrants further investigation in other cell systems. Therefore, cell shape-
dependent lipid rafts formation might also represent a key mechanism by which
cells organise speciﬁc signalling in response to changes in tissue architecture that
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might be relevant in physiology and disease.
It was further observed that cell geometry-dependent cell lineage commitment is
potentially dependent on the soluble environment. In Chapter 7, the existence of
a diﬀerent and seemingly antagonistic eﬀect of cell shape induced contractility on
MSCs lineage commitment depending on the presence or absence of soluble diﬀer-
entiation factors indicated by PPARg and Runx2 as well as alkaline phosphatate
expression level is reported. However, gain further control experiments, West-
ern blost of cell lysates as well as non immunoﬂuorescence based analysis such
as RT-PCR would be needed in order to validate this. Furthermore, b-catenin
signal activation was observed to be cell shape-dependent and mediated by cell
contractility and lipid raft formation as assessed by analysing the ratio of active
b-catenin over pan b-catenin expression level as well as nuclear translocation based
on immunoﬂuorescence intensity. But in order to be able to draw conclusions from
these result the speciﬁcity of the active b-catenin over pan b-catenin would need
to be tested. Results of b-catenin knock-down experiments analysing cell shape-
dependent changes in PPARg over Runx2 ratio indicate a possible involvement
of in b-catenin signaling in mediating cell shape-dependent diﬀerentiation of hM-
SCs depending on the presence or absence of soluble factors. This eﬀect seems
to be mediated by a newly discovered cell architecture dependent and soluble fac-
tor independent b-catenin activation mechanism in hMSCs which can guide stem
cell commitment. These observations open up the possibility of a cell architec-
ture dependent and soluble factor independent b-catenin activation mechanism in
hMSCs which can guide stem cell commitment. This could beof fundamental im-
portance for the design of new tissue engineering scaﬀolds as, once implanted in
the body, it is very challenging to control the soluble factor environment of cells
within a tissue engineering construct. In order to investigate this further, it would
be important to perform additional experiments besides immunoﬂuorescence in-
tensity analysis such as Western blots of cell lysates and RT-PCR and conﬁrm a
cell shape-dependent b-catenin activation by analysing the expression level of b-
catenin target genes. Beyond tissue engineering applications, the indication that
cell architecture results in diﬀerent downstream eﬀects depending on the soluble
factor environment is potentially very interesting from a basic research perspective
as it suggests a potential link between cell geometry and cell surface receptors. As
soluble factor induced cellular responses are mediated by plasma membrane recep-
tors, cell architecture potentially changes soluble factor signalling by regulating
membrane receptor activity and availability. Interestingly, several studies report
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a link between membrane receptors and lipid rafts.
In order to understand the regulatory role of cell architecture in vivo, one has
to investigate the complex interplay between cell-ECM interactions. As described
previously, in vivo cell architecture is regulated by the ECM, which imposes bound-
ary conditions that limit cell volume and cell spreading physically and chemically
by controlling cell adhesion sites. However, as described in Chapter 8, by develop-
ing a novel system based on decellularized ECM micropatterns, it was found that
cell architecture also changes ECM structure by cell shape-dependent secretion of
ECM proteins. Therefore, this indicates a complex interlinked interaction between
cell architecture and surrounding ECM, which needs to be further investigated. It
is believed that the decellularized ECM micropattern technique could have tremen-
dous potential in helping to uncouple these interactions, which might in turn im-
prove the understanding of how distinct tissue-speciﬁc cell morphologies inﬂuence
tissue properties. Furthermore, a new microscopy technique called Correlative
Light Ion Microscopy (CLIM) was developed as described in Chapter 9. The
CLIM technique allows concurrent use of SIM and ﬂuorescence microscopy, which
results in images combining immunoﬂuorescence with ultrastructure. Combined
with advanced high resolution techniques such as TIRF microscopy, micrographs
at the submicron and nanoscale can be obtained, which considerably contribute
to the ﬁeld of biological imaging beyond studying cell-matrix interactions.
Mechanical cues, such as matrix elasticity and the substrate topography of the
underlining substrate to which the cells are adhered, were reported to aﬀect cell
behaviour including mesenchymal stem cell lineage commitment. This is of central
importance for the design of new tissue engineering scaﬀolds as it enables regula-
tion of stem cell behaviour physically without using chemical factors. Therefore
several new tissue engineering constructs containing deﬁned matrix stiﬀness or
surface topography are currently developed. Interestingly, changes in substrate
stiﬀness and topography which cause diﬀerences in cell behaviour are also ac-
companied by a change in cell architecture. Therefore, the question arises whether
substrate stiﬀness and topography only indirectly inﬂuence diﬀerentiation by caus-
ing changes in cell architecture, which itself trigger downstream eﬀects resulting
in speciﬁc cell behaviour, or if in fact the elasticity of the underlining substrate
has a direct eﬀect on cell behaviour distinct to cell geometry and spreading. In
order to investigate this, a novel system was developed that allows control over cell
geometry as well as substrate stiﬀness and topography, as described in Chapter
10. Results indicate that only cell geometry directly changes cell contractility and
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potentially also adipogenic and osteogenic MSC diﬀerentiation. Stiﬀness and to-
pography, however, seem to aﬀect cell diﬀerentiation indirectly through inducing
changes in cell geometry and architecture. This indicates, a possible central me-
diatory role of cell geometry and architecture in connecting eﬀects of mechanical
cues to changes in downstream behaviour and further underlines the signiﬁcance
of cell geometry-dependent cell signalling studies described in this thesis. Based
on these ﬁndings, tightly controlling cell shape and architecture within a tissue
engineering construct could potentially represent a more direct and eﬀective tech-
nique to physcially direct stem cell fate without the need of chemical cues. To
this end, a new system based on gelatin sheets with deﬁned microwells conﬁning
cells in speciﬁc shapes was developed as a potential tissue engineering construct
with tunable biodegradability and substrate stiﬀness for mechanical compliance as
reported in Chapter 11. As a ﬁrst attempt to study the eﬀects of a 3D environ-
ment compared to the 2D cell micropattern system, which was being used in this
thesis, a cell micro-well system based on PDMS was developed based on previous
reports. Comparing the cell architecture and contractility of 3D cell micro-well
systems with a 2D cell micropattern system with the same underlining substrate
and underlining geometrical features showed no visible diﬀerences between the
two diﬀerent systems studied. However, in order to investigate further cell sys-
tems studies of a more 3D-like environment are needed. Recently, several novel
systems were reported that are described in more detail in the next section.
Overall, as presented in this thesis, several new cell based assays and imaging
techniques were developed that are considered to be highly relevant in order to
investigate the relationship between cell shape and cell behaviour. Theﬁndings in
this thesis indicate a central role of cell architecture in regulating cellular processes
directly via cell geometry-dependent activation of important signalling nodes in-
cluding Akt, b-catenin and lipid rafts, and by changing the eﬀect of soluble cues
on cell behaviour. Therefore, cell architecture could potentially have an important
role in mediating cell physiological eﬀects of extracellular matrix and might be
a main component that transduces eﬀects of mechanobiological cues into speciﬁc
downstream behaviour. For future investigations, it would be interesting to val-
idate the observations presented in this thesis by using techniques that are not
immunoﬂuorescence intensity based and by including more controls in order to
gain more biologially relevant observations.
257
12.2 Further Studies of Cell geometry-dependent
Cell Signalling
Based on the ﬁndings described here in this thesis as well as previously published
work, a broad range of additional cellular processes, signalling pathways and dis-
eases are potentially regulated by cell geometry. In this section some selected
potential areas of further investigation are described in more detail:
Interaction between Lipid Rafts and Cytoskeleton The close interaction be-
tween lipid rafts and cytoskeleton was desribed in the literature of this work.
Additionally, based on the results desribed in the previous chapter lipid raft for-
mation is dependent on cell geometry and correlates with higher cell contractility.
Therefore, it could be assumed that cell geometry induced changes in cell cy-
toskeleton and contractility regulates plasma membrane lipid dynamics and the
formation of lipid rafts. However, preliminary results based on lipid raft inhibitor
treated cells as desribed in the previous chapter of this thesis indicate that lipid
raft itself also aﬀect cell cytoskeleton and contractility as measured by myosin
light chain phosphorylation. Furthermore, previous publications suggested an ef-
fect of lipid raft formation on cytoskeleton formation via regulation of speciﬁc
cytoskeleton regulatory proteins including Rho GTPase and p190RhoGAP. This
suggest a complex interplay between lipid raft formation and cytoskeleton. Given
the importance of lipid rafts in cell signalling other cellular processes this might
represent a novel mechanism how cell behaviour is regulated. Therefore, it would
be essential to investigate this interplay for the understanding of cell physiology.
There would be several ways to investigate that, as desribed previously in the the-
sis one possible approach is based on inhibitor studies. Cells treated with diﬀerent
lipid raft as well as cell cytoskeleton and contractility inhibitors in combination
with read-outs such as TIRF studies for lipid raft marker and myosin light chain
phosphorylation level as established in this thesis would give important prelim-
inary indications regarding the interaction between lipid rafts and cytoskeleton.
Furthermore, cells transfected with constructs overexpressing certain cytoskeletal
components and regulatory proteins, would be important to complement the in-
hibitor studies. Additional read-out and analysis techniques would need to be
developed to give more conﬁdence in the previous observations. Advanced mi-
croscopy techniques hold a particular promise to study lipid raft and cytoskeletal
interaction. An already established read-out desribed in this thesis is ﬂuorescence
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lifetime microscopy using membrane sensitive dyes to study membrane dynamics as
indication for lipid rafts. This technique could be further extended by combination
with in-cell FRET. Furthermore, super high resolution techniques with membrane
markers for cell membrane, lipid rafts and cytoskeletal components would further
shield light on the interaction between lipid rafts and cytoskeleton. As a next step,
the regulatory linking lipid rafts and cytoskeleton should be investigated by spe-
ciﬁc inhibitory and transfection studies. Potential targets include Rho GTPases
and p190RhoGAP.
Phosphoinositides in Cell Geometry As reviewed in this thesis phosphoinosi-
tides have a central role in cell physiology and are invovled in several cell physio-
logical processes. Particular the ones located on the plasma membrane including
PtdIns4P, PtdIns(4,5)P2, PtdIns(3,4,5)P3, PtdIns(3,4)P2 were found to be depen-
dent on cell geometry including Akt signalling and lipid rafts and were shown to be
closely linked to the cell cytoskeleton and cell adhesion formation as desribed in this
thesis. This suggest a potentially central role of phosphoinositides in cell geometry
that warrants further investigations. In order to study a possible link between cell
geometry and plasma membrane phosphoinositides, cell micropatterns in diﬀerent
geometries could be labelled with PtdIns(4,5)P2 and PtdIns(3,4,5)P3 antibodies
which are commercially available. As desribed previously, PtdIns(4,5)P2 is well
known to be closely linked to the cytoskeleton formation, to study a change in
concentration of this molecule on the plasma membrane of micropatterned cells of
diﬀerent cell geometries by TIRF analysis would give important indications of an
involvement of PtdIns(4,5)P2 in cell geometry-dependent cytoskeleton formation.
Additionally, by ﬂuorescence correlation studies with labelled lipid rafts domain
a possible link between PtdIns(4,5)P2, lipid rafts and cell contractility could be
explored. Furthermore, given to importance of PtdIns(3,4,5)P3 in Akt signalling,
the eﬀect of cell geometry on PtdIns(3,4,5)P3 plasma membrane abundance by
TIRF microscopy would give important indications if a change of PtdIns(3,4,5)P3
plasma membrane abundance mediates cell geometry-dependent Akt activation.
Additionally, ﬂuorescence correlation studies with lipid rafts and treatment of cell
micropatterns with lipid rafts inhibitors would help to understand the involvement
of PtdIns(3,4,5)P3 in lipid raft mediated Akt activation.
TGFb/Smad Signalling As reviewed in this thesis, TGFb/Smad is a central
regulator of many cell functions. It is linked to several signalling pathways that
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were reported to be dependent on cell geometry as investigated in this thesis
including b-catenin and Akt signalling. Furthermore, Smad signalling is known to
regulate GTPases including Rho GTPase and therefore play an important role in
cell cytoskeleton and cell contractility regulation. Therefore, TGFb/Smad could
potentially play an important role in cell geometry-dependent cell signalling and
resulting downstream eﬀects. Given the fact that Smad is a transcription factor,
nuclear translocation of receptor regulated Smads (RSmads), such as Smad3, can
be used as an indication of Smad pathway activation. In a preliminary experiment
hMSCs, triangular shaped micropatterned cells were found to show signiﬁcantly
higher Smad3 accumulation and therefore activity compared to round cells with
lower cell contractility (data not presented in thesis). This indicates a potential
cell geometry dependence of Smad3 activity correlating with cell shape-dependent
Akt activation however additional experiments are required to investigate that
further.
Angiogenesis Results reported in this thesis suggest, that cell geometry regu-
lates Akt signalling in MSCs. . Akt is also a known inducer of angiogenesis.
Interestingly, according to literature, endothelial cell growth is aﬀected by cell
shapend angiogenesis was found to be aﬀected by the underlining substrate stiﬀ-
ness [148, 204, 183]. Previous results in this thesis that suggest substrate elasticity
and topography to be indirect eﬀects of changes in cell geometry in hMSCs cy-
toskeletal and contractility formation as well as lineage commitment. Therefore,
cell geometry might be able to induce angiogenesis in endothelial cells potentially
through regulation of Akt signalling. In order to investigate that, endothelial cell
micropattern in diﬀerent geometries should be produced followed by subsequent
analysis of the expression level of diﬀerent angiogenesis markers such as angio-
genin, angiopoietin-1 and VEGF [312]. Endothelial tube formation induced by
speciﬁc micropatterned geometries could further be used as indication of a cell
geometry dependence of angiogenesis. Furthermore, cell geometry dependence of
Akt signalling and lipid raft abundance in endothelial cells should be investigated
and inhibitor and knock-down studies used to investigate a potential link between
cell geometry-dependent Akt signalling and angiogenesis. The results of these
experiments would not only be of interest from a basic research perspective but
would also be highly relevant for the design of novel drugs against neoangiogenesis
in for cancer treatment.
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Cancer Cancer phenotypes show a very distinct cell morphology and cytoskele-
ton arrangements and many actin cytoskeletal and microtubule inhibitors were
found to inhibit cancer development including cytochalasin, jasplakinolide, lantrun-
culins, lantrunculins, misakinolide A as well as taxanes [158, 6]. The latter, under
the name of paclitaxel (Taxol) became the ﬁrst `blockbuster' oncology drug after
FDA approval in 1992. The link between cytoskeleton and cancer development
is mostly based on the fact that cytoskeleton is a critical regulator of cell cycle
progression [148, 95, 143]. Therefore inhibition of cytoskeleton servers as a target
for cancer cells because of their limitless proliferation. It was found, that Cyto D
and other drugs that inhibit the actin cytoskeleton also inhibit early mitogenic sig-
nalling to the extracellular signal-regulated kinase (Erk) subfamily of the mitogen-
activated protein kinases (MAPKs) which itself causes cell cycle arrest in G1 [141].
Interestingly, similar eﬀects on cell cycle was found by using cell micropatterns that
physically constrain cells to micrometer-sized ECM islands or by lowering ECM
coating densities on otherwise nonadhesive substrates or induced cell detachment
by trypsin also resulted in cell cycle arrest at G1 despite normal activation of
MAPK/Erk pathway [142, 149]. RhoA, which has been reported to play a critical
role in mediating cell spreading and shape is also known to be invovled in cell-cycle
progression through G1 phase by decreasing p27 levels and promoting synthesis
of cyclin D1. These signals are elicited by integrin binding and mediated by Rac1
and cdc42 [220, 365, 109]. Therefore, it seems that cell geometry and its associated
changes in cytoskeleton, adhesion and actomyosin contraction have a strong impli-
cation in cancer development and might represent a key factor in the cancer cell
microenvironment. By studying the connection between cell contraction, cancer
development and matrix elasticity, mimicked by diﬀerent substrate stiﬀnesses of
collagen hydrogels, it was indicated that cancer development might be triggered
by increased cell contractility and adhesion caused by stiﬀer extracellular matrix
and mediated by RhoA [247]. The observed cell geometry dependence of major
signalling nods as desribed in the previous chapters indicate possible connections
between the cancer cell microenvironment, cellular geometry and signalling beyond
cell cycle progression. Particular, cell geometry-dependent Akt activation, which
is a well known regulator of angiogenesis and anti-adipogenetic factor, as well as
c-src and the wide implications of lipid rafts as signalling platforms could reveal
key insight into the cancer cell physiology and result in new promising leads of
target therapies.
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12.3 Investigating Physiological Relevance of Cell
Geometry
Cell micropattern is a very eﬀective model system for cell biology that allows to
investigate a large number of cells with high statistical signiﬁcance in while being
able to control cell geometries and adhesion area. While it is considered to more
closely mimic the physiological conditions compared to traditional in vitro cell cul-
ture systems with unconstrained cell spreading, the in vivo environment is far more
complex. Therefore the physiological relevance of results regarding cell geometry-
dependent changes in cell physiology and signalling based on cell micropattern
system need to be further investigation with alternative in vitro systems as well
as in vivo animal models.
12.3.1 Further In Vitro Analysis
Based on results described in the previous chapter, cell geometry-dependent dif-
ferentiation in hMSCs is dependent on the soluble factor environment and cell
geometry induced contractility shows opposite eﬀects in growth and diﬀerentia-
tion medium. Given the complex and diverse soluble factor environment in vivo,
further investigation regarding the eﬀect of cell geometry in presence or absence
of various soluble factors needs to be investigated. Combination of microﬂuidics
with cell micropatterns as desribed later on would be a very promising tool to
investigate this. The development of such a platform would allow to tightly con-
trol the concentration of soluble factor under physiological shear force conditions
and multiple inlets would allow do create diﬀerent complex mixtures and gra-
dients. Additionally, cell geometry-dependent cell behaviour in a more 3D like
environment needs to be investigated. In the previous chapter a PDMS based 3D
micro-well system was described, which allows to conﬁne cells into a 3D micro-well
of a deﬁned shape and therefore creating a more 3D-like environment compared
to a 2D cell micropattern system. It would be interesting to analyse cell ge-
ometry induced changes in cell physiology in a 3D micro-well system compared
to the 2D micropattern system beyond cell contractility and cytoskeleton forma-
tion. Furthermore, new system based on multiphoton patterning technique was
recently reported, which allows to create patterns of proteins within hydrogels at
micrometre resolution [373]. Such exciting new developments open up new intrigu-
ing possibilities to potentially control cell geometry in 3D within hydrogels highly
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relevant not only for a basic research perspective but also for tissue engineering
and in vitro drug screening applications as discussed later on.
12.3.2 Animal Models
Without doubts, the most physiologically relevant systems are based on in vivo ex-
periments in animal models. However, because of the central role of cytoskeleton,
loss-of-function and knock-down of cytoskeletal proteins or regulatory proteins of
the cytoskeleton have drastic and often mortal eﬀects (examples summarized in
table below). Transgenic overexpression with tissue speciﬁc promoters might rep-
resent a possibility to induce changes in cell cytoskeleton and potentially cell shape
in speciﬁc tissues in vivo. Administration of small molecules aﬀecting cytoskele-
ton and cell contractility such as cytoskeletal inhibitors are problematic because
of their high toxicity and broad range of side eﬀects as discussed later on. An
alternative approach could be to ﬁnd functional correlations between changes of
speciﬁc physiological processes and signalling pathways and cell geometry in al-
ready established and well characterised animal disease models such as oncology
models.
Table 12.1: Examples of knockout and transgenic mouse models of cytoskeletal proteins
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12.4 Direct Applications of Cell Geometry
Micropatterns
12.4.1 Tissue Engineering Scaﬀolds
In tissue engineering, the requirement to tightly control stem cell diﬀerentiation in
the desired lineage remains a major challenge. Traditionally, soluble factors such
as growth factors are used to direct stem cell lineage commitment. However, the
availability of such factors after implantation of stem cells into human body is diﬃ-
cult to control. Therefore, major research eﬀorts are directed towards biofunctional
tissue engineering scaﬀolds containing speciﬁc biomolecules that are able to direct
cell diﬀerentiation. Despite several successful examples, the technical complexity
and the need for cost eﬀective and therefore commercially viable bioscaﬀolds re-
mains challenging. Previous studies and the results presented in this work show
that stem cell diﬀerentiation can be directed soley by the geometry of the cell and
therefore represent an alternative way to regulate stem cell diﬀerentiation besides
soluble factors or bioactive molecules incorporated into a tissue engineering scaf-
fold. In the thesis a novel gelatin based micro-well system was desribed, which
allows to produce cell microwells in deﬁned geometries. Furthermore, gelatin is
a simple biomaterial, which is biodegradable and FDA approved and is an es-
tablished biocompatible bioadhesive in surgical applications, particularly in acute
aortic dissection surgery [234].
12.4.2 Application for Early Stage Drug Discovery
Cellular microarrays of patterned cell monolayers at a single cell resolution is
regarded as a very promising high-throughput (HTP) approach that allows sys-
tematic screening of cellular responses with very high statistical signiﬁcance and
the capability to explore a range of combinations of signals and perturbations inac-
cessible with other techniques [347]. Furthermore, cellular microarray assays allow
an increased throughput while reducing the overall cost of screening by reducing
the quantity of cells and reagents needed per assay [47].
The results presented in this thesis identiﬁed several central signalling pathways
that are regulated by cell geometry, which together with previous ﬁndings, strongly
indicate a central global regulatory role of cell geometry. Based on the following
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assumptions, it is believed that controlling cell geometry has the potential to radi-
cally increase the in vivo predictability while being based on a cost eﬀective cellular
microarray platform compatible with HTP: (a) Simulation of in vivo-like cell drug
response does not necessarily need to exactly replicate the physiological cellular
microenvironment, only its eﬀect on resulting cell behaviour. (b). Most of the in-
soluble and physical cues induced diﬀerences in cell behaviour are either directly or
indirectly induced by cell geometry. Changes in physical cues including substrate
stiﬀness, substrate topography, ﬂuid shear and mechanical strains were found to
result in a diﬀerent cell geometry [189, 247, 258, 327, 370]. Interestingly, many
reported changes in cell behaviour and eﬀects on molecular signalling mechanisms
induced by these cues [81, 173, 236, 304, 302] were also observed solely by chang-
ing cell geometry based on cell micropattern techniques [166, 217, 336](results
presented in thesis). This indicates that cell geometry mediates the eﬀects of
many physical cues on cell behaviour directly or indirectly.
Therefore, an in vitro system (Fig. 12.1) based on single cell micropatterns in
diﬀerent cell geometries to artiﬁcially mimic the diverse eﬀects many physical
factors within the cellular microenvironment by taking advantage of the central
role of cell geometry and architecture on cell behaviour as outlined before could
potentially eﬀectively mimic the cell-drug response of most if not all diﬀerent cues
present in the cell microenvironment while having superior properties in economy
and speed needed for early stage drug discovery.
265
Figure 12.1: Schematic overview of cell micropattern system for early stage drug discovery
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Appendix
Microscopy images of protein and cell micropatterns. a) Shows ﬂuorescence images of FITC-
collagen I stamped to the substrate surface in triangular, square and circular shapes. b) SEM
images of stamped ﬁbronectin on the polystyrene substrate. c) Brightﬁeld images of hMSCs
micropattern in triangular, square and circular shapes 24 hours post seeding.
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Representative ﬂuorescence microscopy images of micropatterned hMSC. hMSCs adhered to
triangular shaped ﬁbronectin microisland with a 3600 µm2 surface area were ﬁxed after 24 hours
and stained for DAPI (blue) and F-actin (red).
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Representative ﬂuorescence microscopy images of micropatterned hMSC. hMSCs adhered to
triangular shaped ﬁbronectin microisland with a 950 µm2 surface area were ﬁxed after 24 hours
and stained for DAPI (blue) and F-actin (red).
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Representative ﬂuorescence microscopy images of micropatterned hMSC. hMSCs adhered to
spherical shaped ﬁbronectin microisland with a 950 µm2 surface area were ﬁxed after 24 hours
and stained for DAPI (blue) and F-actin (red).
Representative ﬂuorescence microscopy images of micropatterned hMSC. hMSCs adhered to
retangular shaped ﬁbronectin microisland with a 950 µm2 surface area were ﬁxed after 24 hours
and stained for DAPI (blue) and F-actin (red).
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Representative ﬂuorescence microscopy images of non-micropatterned hMSC. hMSCs adhered to
ﬁbronectin coated polystyrene were ﬁxed after 24 hours and stained for DAPI (blue) and F-actin
(red).
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Replication of triangular shaped micro-wells on a polyacrylamide substrate. Polyacrylamide
(12.5% Bis-acrylamide) was polymerized in situ on top of a plasma activated PDMS master
under vacuum conditions. The microstructure to be replicated were microwells with a triangular
shaped ﬂoor area. Representative picture taken immediatly after gel was peeled oﬀ from master.
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